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ABSTRACT  
Hydrocarbon spill site cleanup is challenging when contaminants are present in 
lower permeability layers. These are difficult to remediate and may result in long-term 
groundwater impacts. The research goal is to investigate strategies for long-term 
reduction of contaminant emissions from sources in low permeability layers through 
partial source treatment at higher/lower permeability interfaces.  Conceptually, this 
provides a clean/reduced concentration zone near the interface, and consequently a 
reduced concentration gradient and flux from the lower permeability layer. Treatment by 
in-situ chemical oxidation (ISCO) was evaluated using hydrogen peroxide (H2O2) and 
sodium persulfate (Na2S2O8). H2O2 studies included lab and field-scale distribution 
studies and lab emission reduction experiments. The reaction rate of H2O2 in soils was so 
fast it did not travel far (<1 m) from delivery points under typical flow conditions. 
Oxygen gas generated and partially trapped in soil pores served as a dissolved oxygen 
(DO) source for >60 days in field and lab studies.  During that period, the laboratory 
studies had reduced hydrocarbon impacts, presumably from aerobic biodegradation, 
which rebounded once the O2 source depleted. Therefore field monitoring should extend 
beyond the post-treatment elevated DO. Na2S2O8 use was studied in two-dimensional 
tanks (122-cm tall, 122-cm wide, and 5-cm thick) containing two contrasting 
permeability layers (three orders of magnitude difference). The lower permeability layer 
initially contained a dissolved-sorbed contaminant source throughout this layer, or a 10-
cm thick non-aqueous phase liquid (NAPL)-impacted zone below the higher/lower 
permeability interface. The dissolved-sorbed source tank was actively treated for 14 d. 
Two hundred days after treatment, the emission reduction of benzene, toluene, 
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ethylbenzene, and p-xylene (BTEX) were 95-99% and methyl tert-butyl ether (MTBE) 
was 63%. The LNAPL-source tank had three Na2S2O8 and two sodium hydroxide 
(NaOH) applications for S2O82- base activation. The resulting emission reductions for 
BTEX, n-propylbenzene, and 1,3,5 trymethylbenzene were 55-73%. While less effective 
at reducing emissions from LNAPL sources, the 14-d treatment delivered sufficient 
S2O82- though diffusion to remediate BTEX from the 60 cm dissolved-sorbed source.  
The overall S2O82- utilization in the dissolved source experiment was calculated by mass 
balance to be 108-125 g S2O82-/g hydrocarbon treated.  
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CHAPTER 1 
CURRENT STATE OF REMEDIATION AND METHODS FOR DEALING WITH 
SITES HAVING SIGNIFICANT PERMEABILITY CONTRASTS 
1.0 INTRODUCTION 
The research presented in this dissertation focuses on the remediation of 
hydrocarbon spill sites under difficult-to-treat conditions, namely layered subsurface 
settings with large soil permeability contrasts.  These are difficult to remediate via 
conventional in situ approaches because most involve the delivery of fluids (e.g., air, 
aqueous reactant solutions, surfactants, co-solvents), and so treatment favors the more 
permeable and transmissive zones. Consequently, hydrocarbon residuals (either 
dissolved-sorbed or light non-aqueous phase liquids (LNAPL)) are left in the lower 
permeability layers, and diffusive emissions from these to the transmissive zones become 
long-term sources of groundwater impact.  The goal of this work is to investigate 
alternative approaches to mitigating groundwater impacts at these layered sites.  
This chapter provides an overview of groundwater pollution issues, groundwater 
remediation challenges, and the direction of this research. 
 
1.1 OVERVIEW OF POLLUTION ISSUES 
In 2004, the United States Environmental Protection Agency (USEPA) estimated 
that $209 billion over 30 years would be needed to handle between 235,000 and 355,000 
contaminated sites (NRC, 2013). A National Research Council (NRC) committee 
recently estimated that there are greater than 126,000 sites with a cleanup liability 
exceeding $100 billion (NRC, 2013).  Most of those sites (about 90,000) are leaking 
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underground storage tank sites (USTs), but they also include dry cleaner sites, 
Department of Defense (DoD) facilities, Department of Energy (DOE) sites, waste 
management sites (e.g., landfills), and former manufacturing and storage facilities.  The 
cost for achieving regulatory closure at the UST sites alone was estimated to be $12-$19 
billion (or an average of $125,000 each), and similar aggregate costs to reach closure 
were estimated for 4329 DoD sites (NRC, 2013).  
 
1.2 SPILL SITE CONCEPTUAL MODEL  
The cost of remediation is heavily dependent on the time needed to reach 
restoration levels. If a site is impacted by recalcitrant chemicals, is heterogeneous, or 
contains fractured bedrock, it is often considered to be a “complex site” (NRC, 2013). An 
NRC committee studying this issue concluded that complex sites are not likely to reach 
restoration levels within the next 50-100 years (NRC, 2013). The NRC committee also 
estimated that about 10% (12,000) of all contaminated sites are complex sites (NRC, 
2013).  
Figure 1.1 conceptually shows three stages of a contaminated site’s history. 
Figure 1.1A shows the release and initial distribution of non-aqueous phase liquid 
(NAPL). During this stage, NAPL preferentially travels through the higher permeability 
regions; it leaves residual NAPL along its path and pools on top of or flows around 
regions of lower permeability.  With time, NAPL and dissolved compounds can penetrate 
into the lower permeability layers through diffusion and flow as shown in Figure 1.1B. 
This loading of contaminant into the lower permeability layers can be encouraged by 
fluctuating groundwater levels and sustained vertical hydraulic gradients. 
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Figure 1.1C shows the site after the contaminant has been removed from the 
higher permeability zones, either through treatment or natural depletion processes.  At 
that point, emissions from the lower permeability regions are the source of groundwater 
contamination. This mass contained in the lower permeability zones is often difficult to 
remove and can result in groundwater contamination for years to centuries (Mutch et al., 
1993; Parker et al., 1997; Liu and Ball, 2002; Chapman and Parker, 2005; Lipson et al., 
2005; Honning et al., 2007; Parker et al., 2008; Schaefer et al., 2013).  
A)  
Figure 1.1 A) Source release and initial distribution via flow through higher permeability 
regions; B) migration into lower permeability regions due to groundwater level 
fluctuations, vertical gradients, and diffusion of dissolved compounds; C) diffusion-
dominated release from lower to higher permeability zones after mass in higher 
permeability zones is depleted by remediation or natural processes. 
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B)  
C)  
Figure 1.1 (Cont.) 
 
1.3 GROUNDWATER TREATMENT METHODS 
Most regulatory programs require responsible parties to address the principle 
threat posed by contaminated groundwater wherever practicable, using innovative 
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methods, considering treatment time, adverse impacts, and cost.  The goal is to restore 
usable groundwater “to beneficial use, whenever practicable, within a time frame that is 
reasonable given the particular circumstances of the site” (Office of Environmental 
Policy and Assistance, 1995).  
The suite of predominant remediation methods considered for sites impacted by 
volatile organic chemicals (VOC; e.g., TCE, benzene) includes pump and treat, 
excavation and off-site disposal or above-ground treatment (biopiles or landfarming), soil 
vapor extraction (SVE), bioventing, in situ thermal treatment, in situ air sparging, in situ 
biosparging, monitored natural attenuation, in-situ bioremediation, dual-phase extraction, 
enhanced bioremediation,  in situ chemical reduction, and in situ chemical oxidation 
(ISCO) (Stroo et al., 2012; US EPA, 2012; NRC, 2013). 
  
1.4 DIFFICULTIES OF DEALING WITH CONTAMINANT SOURCES IN 
LOWER PERMEABILITY ZONES 
Current remediation methods preferentially treat dissolved contaminants and 
NAPL in the higher permeability zones (Figure 1.1); only thermal treatment technologies 
are thought to have the potential to remediate contaminants within lower permeability 
zones (Stroo et al., 2012; NRC, 2013). Many of the treatment methods mentioned above 
involve increasing the rate of partitioning between the NAPL phase and either the 
dissolved or vapor phase prior to extraction or treatment. In addition, all but excavation 
and monitored natural attenuation involve delivering a liquid or a gas through the target 
treatment area. This is difficult when the source is contained in a lower permeability 
zone.  
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For a dissolved source in a lower permeability soil, the diffusive flux out of the 
lower permeability zone can be increased during the treatment phase by lowering the 
concentration at the interface, thereby creating a higher concentration gradient at the 
interface. However, this will only last as long as treatment is continued. For NAPL-
impacted lower permeability zone, the losses due to this short-term increased gradient 
will have even less effect on the overall mass in the lower permeability zone because a 
NAPL source contains significantly more mass than a dissolved source. Also, a NAPL 
source must first partition into the pore space and then diffuse from the pore water in the 
lower permeability zone to the groundwater in the higher permeability zone. The 
pathways from the source in the lower permeability region to the higher permeability 
region are shown in Figure 1.2 
 
Figure 1.2. Partitioning and transport from dissolved (left) and NAPL sources (right) 
contained in lower permeability zones to groundwater flowing through higher 
permeability zones. 
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The mass removal by diffusion from the lower permeability region will be slow 
and will result in a long-term source of groundwater contamination. Though the mass 
diffused from the lower permeability source will likely impact the groundwater less than 
the source in the higher permeability zone, it will persist causing low-level contamination 
for decades. The flux measured downstream of the source will likely follow the trends of 
the flux vs. time plots shown in Figure 1.3.  The flux will likely decrease significantly as 
it transitions from the site conceptual model in Figure 1.1B to the site in Figure 1.1C but 
the duration of the later phase could be substantial.  
 
 
Figure 1.3. Flux from natural source removal (top) and from treatment of higher 
permeability region using conventional treatment methods (bottom). Note that the time 
scale shown in the top figure would be substantially longer than the time scale shown in 
the bottom figure due to the time required to naturally remove the contaminant from the 
higher permeability region.   
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1.5 METHODS FOR REMEDIATING LOWER PEREMABILITY SOURCE 
ZONES 
 There are no proven options for treating sources in lower permeability zones 
beyond excavation and in situ thermal remediation. Excavation is a practicable option 
only when the contaminated source is well-delineated, localized (not too large), and near 
ground surface. In situ thermal remediation requires access for closely-spaced (<20 ft 
spacing) energy delivery and fluid extraction points, is viewed as being relatively costly, 
it is difficult to anticipate its performance, and is generally only considered when short 
time frames and economic benefits (i.e., high real estate value for property sale) justify 
the treatment costs (Triplett Kingston et al., 2010). 
Other options have been, or are under study. Enhanced bioremediation would 
require the delivery of reactants (electron donors or acceptors, nutrients) through 
diffusion to the lower permeability zone (Stroo et al., 2012) or though sustained injection 
into the transmissive zone to create a biological treatment barrier at the interface (e.g., O2 
delivery, Clifton et al. 2014).  Treatment will be limited by the mass of reactants that can 
be delivered through diffusion into the lower permeability source. Clifton et al. (2014) 
found that when the dissolved oxygen (DO) in the higher permeability soil was 6-8 mg/L 
or 18-20 mg/L, the flux of benzene from a NAPL source was decreased by 64-79% or 90-
94% respectively compared to anoxic conditions. However, once the DO delivery ceased 
and anoxic conditions returned, the long-term flux reduction when compared to an 
untreated condition was 6-32%. This suggests that a treatment zone was created at the 
interface but little source removal from the lower permeability layer was accomplished so 
significant emission reduction only occurred during active treatment.  
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Another treatment option that has been evaluated is in situ chemical oxidation 
(ISCO).  This involves the delivery of oxidant solutions to transmissive zones, followed 
by diffusion of oxidants into the lower permeability zones and reaction with 
contaminants. Use of permanganate (MnO4-) to treat DNAPL contained in lower 
permeability regions has been studied.  For example:  
•  Struse et al. (2002) studied the diffusion of MnO4- through a 2.4 cm long soil 
column containing TCE for over a month.  
• Honning et al. (2007) noted a reaction zone when assessing the diffusion of 
MnO4- into clay soil containing PCE showing a treatment zone expansion with 
time. Those experiments were performed in a 18-cm x 18-cm x 2-cm box with a 9 
cm clay layer that saw a 1.2 cm thick diffusion front after 18 d of MnO4- 
treatment in the higher permeability soil. There was a reduction in PCE 
concentrations in the soil that had the MnO4- diffuse into it (about 1.2 cm thick 
reduced zone).  
• Chokejaroenrat et al. (2013) looked at the diffusion of xanthan MnO4- into a lower 
permeability zone in a 12.7- cm x 21.6-cm tank with a lower permeability zone in 
the middle of higher permeability soil. There was an order of magnitude 
difference in permeability between the two soils and after 3.6 pore volume 
exchanges, nearly all the TCE was removed.   
 
The goals of the above MnO4- treatments were to remove the contaminant 
contained in a lower permeability region. Honning et al. (2007) and Struse et al. (2002) 
both saw limitations in oxidant diffusive depth due to the reaction of MnO4- with either 
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the soil or the chlorinated solvent. This agrees well with the Clifton et al. (2014) 
observation that their biotreatment with dissolved oxygen, where dissolved oxygen only 
penetrated a short distance and only caused a thin depletion zone near the interface due to 
the combination of reaction rate and stoichiometric DO requirement. 
These studies suggest that: 
• Oxidants have the potential to diffuse into lower permeability soil 
• The entire lower permeability zone is unlikely to be fully remediated in 
practicable time frames due to the mass of oxidant required for complete 
treatment relative to slow delivery rates via diffusion. 
• Even without complete removal of the source, a reduction in emission may be 
possible 
 
This research study is complementary to previous studies in that it is focused on 
the effects of oxidant diffusion into lower permeability layers containing either dissolved 
hydrocarbon or a LNAPL source. The goal, however, is not to fully remediate the lower 
permeability layer.  Instead, the intent is to create a clean or depletion zone at the 
interface that is thick enough that contaminant emissions from the lower permeability 
zone are reduced to an acceptable level. This concept is illustrated in Figure 1.4. 
  11 
 
Figure 1.4. Comparison of diffusive flux from lower permeability zone before, during, and 
after treatment. J=diffusive flux [mass/area-time], = effective diffusion coefficient 
[length2/time],  = source concentration [mass/length3], ∆ = difference between the 
dissolved source () and the higher permeability region (≈0) [mass/length3], and ∆L = 
depletion zone thickness [length].  
 
ISCO has been in use since 1984 when the first commercial H2O2 treatment was 
applied (SERDP, 2011); however, its performance and cost are not well-understood 
(Krembs et al., 2010). Chemical oxidation involves the conversion of hydrocarbons into 
carbon dioxide and water. The four most commonly used oxidants are MnO4-, persulfate 
(S2O82-), iron activated hydrogen peroxide (CHP), and ozone (O3) (ITRC, 2005), with 
MnO4- and CHP being the most commonly used, although S2O82- has been increasing in 
popularity (Krembs, 2010).  
ISCO treatments usually involve batch injections of solution into wells over a 
short period of time (days) and often require multiple injection events over many months 
to reach target cleanup levels (Krembs et al., 2010).  A recent study concluded that the 
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volume of oxidant injected at many previous treatment sites was only a fraction of the 
target treatment zone pore volume (Clifton and Johnson, 2013). One “pore volume” is the 
volume of liquid-filled pore space in the target treatment zone, and is conceptually the 
minimum volume needed to accomplish treatment.  In that study, half the 49 sites 
reviewed had 10% of the minimum target treatment zone volume injected (Clifton and 
Johnson 2013). An average project cost at hydrocarbon and chlorinated sites using ISCO 
is estimated to be around $220,000 (Krembs, et al., 2010).  
The majority of ISCO research has been conducted at the lab bench scale and has 
been focused on determining the rate of oxidation, limitations, and ideal concentration 
ratios. Other studies have looked at oxidant transport through either one-dimensional 
columns, two-dimensional tanks, field applications, and modeling (Chodola et al., 2003; 
Chen et al., 2001; Baciocchi et al., 2004; Ravlkumar and Gurol, 1994; Yeh et al., 2003; 
SERDP, 2011; Struse, Amanda, 2002; Chambon et al., 2010; Honning, 2007; Krembs et 
al., 2010). From a literature review conducted by Petri et al. (2008), there have been 277 
studies using H2O2, 98 with O3, 69 with S2O82-, and 234 with MnO4-. Of these studies, 
61% were published peer review documents, 27% were conference proceedings, 8% 
theses, and 4% other. As stated above, the majority of these studies focused on the 
reactivity of these oxidants with the chemical of concern (COC) and relatively few have 
looked at the delivery and distribution of the oxidants in soil settings.  
Hydrogen peroxide (H2O2) is often used in combination with iron as an activator 
in a method called Fenton’s Reaction. This method results in the generation of hydroxyl 
radicals (OH•), which is a strong oxidant that reacts readily with volatile organic carbons 
(VOC). The reaction of H2O2 with iron to form OH• is fast (on the order of seconds) 
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while the reaction between OH• and organics is nearly instantaneous (reaction rate 
hydroxyl radicals is 106+1011 M-1S-1) (Brown, 2003; SERDP, 2011).  
Without the addition of an activator such as iron in the Fenton’s process, hydroxyl 
radicals cannot form and H2O2 cannot remove VOCs by direct oxidation (Watts and Teel, 
2005). With or without the presence of an activator, H2O2 decomposition produces a 
significant volume of O2 gas (Brown, 2006); for example - about 35 times the volume of 
10% w/w H2O2 added at 20°C and 1 ATM.  A study conducted by Chen et al. (2001) 
found that the high gas generation resulted in the sparging of about 70% of the dissolved 
TCE from their system.  
While MnO4- is a strong oxidant, it is not useful for the treatment of key 
compounds like benzene at petroleum spill sites (SERDP, 2011). Persulfate (S2O82-) is an 
aggressive oxidant (2.01 V. (SERDP, 2011)) that becomes more aggressive with the 
addition of an activators such as heat, alkaline, ultraviolet light, and H2O2; it can also 
degrade hydrocarbons through non-activated electron transfer (SERDP, 2011). The 
activation generates the sulfate radical which is more aggressive towards oxidation of 
organics. Without the activation, the reaction may occur through direct reaction with the 
sulfate ion and the organic (SERDP, 2011). Another means of reaction is believed to 
occur through metal activation either through metal addition or possibly through reaction 
with the natural metals in the soil (Tsitonaki et al., 2010), although Ahmad et al. (2010) 
suggests that there is insufficient natural metals to support this reaction. While not as fast 
of a reaction as H2O2 or O3, S2O82- kinetics are faster than other oxidants including MnO4- 
(Brown, 2004). 
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1.6 UNCERTAINTIES WITH ISCO TREATMENT PERFORMANCE   
There currently are uncertainties in anticipating performance with the use of ISCO, in 
part due to:  
• The number of treatments needed at any given site is unknown at the start 
(SERDP, 2011) and rebound at long term monitoring sites has been observed 
(Thomson et al., 2008; Marble et al., 2010; Krembs et al., 2010; Stroo et al., 
2012) 
• Limited monitoring has typically been conducted during treatment (Krembs et al., 
2010; Clifton and Johnson, 2013), so the in situ distribution of oxidant solution 
and other factors affecting performance are not well-understood. 
 
For an ISCO application to be successful, sufficient mass of oxidant must be 
delivered to the target treatment zone and it must contact the contaminant for a sufficient 
duration of time (SERDP, 2011).  The mass of oxidant required is related to the specific 
oxidant used, but could be in the 10’s to 100’s of g-oxidant/g-contaminant (Osgerby, 
2006; Sra et al., 2013) and required contact times could be on the order of days to months 
based on the kinetic information in Table 1.1.  If a lower permeability zone is targeted for 
treatment and diffusion is going to be the delivery mechanism, then the oxidant must first 
be delivered to the higher permeability/more transmissive zones. The oxidant must then 
remain at a high enough concentration and for a long enough time to allow diffusion to 
deliver sufficient oxidant mass.  
For lower permeability zone treatments, the following questions must be answered:  
• Which oxidants can be used to treat the target chemical(s)? 
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• How much oxidant mass must be delivered to the target treatment zone, and over 
what interval must it be distributed, after also considering natural background soil 
oxidant demands? 
• Is the half-life of the oxidant long enough so that it can be delivered throughout 
the higher permeability zones at the high/low permeability zone interface without 
significant loss of oxidant mass by reaction during the initial delivery period? 
• How long will oxidant need to remain at the high/low permeability zone interface 
to deliver sufficient mass of oxidant to the lower permeability zone by diffusion? 
• Where will reaction and contaminant destruction occur? 
• Will oxidant from the lower permeability zone be lost to back-diffusion once the 
oxidant is no longer present at the high/low permeability zone interface? 
 
The ability of oxidant to flow through a site and diffuse into lower permeability 
layers is dependent on the stability and solubility of the oxidant and the rates of reaction 
relative to rates of transport processes. The solubility, half-life, standard reduction 
potential, and mass of oxidant to mass of benzene removal for these oxidants are given in 
Table 1.1. 
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Table 1.1 
Solubility, Half-Life, Standard Reaction Potential, and Mass of Oxidant to Mass of 
Benzene Removal for the Oxidants Being Considered at VOC Sites.   
 
Oxidant Solubility 
at 25°C 
(g/L) 
Half-life Standard 
Reaction 
Potential 
(V) 
Efficiency 
g oxidant/g 
benzene 
Reference 
MnO4- KMnO4 
63.8  
 
55-495 hours 1.7 NA Damm et al. 
(2002); 
SERDP (2011) 
H2O2 Complete 2.1-5.6 h in 
water with soil 
suspension, 
seconds in 
presence of 
Fe2+, >50 h in 
distilled water 
1.776 9 
 
Haber 
(1934);U.S. 
EPA (2007); 
Lide (2006); 
Osgerby(2006) 
S2O82- Na2S2O8 
550  
0.15-700 d 
(dependent on 
activation, soil, 
presence of 
contaminant) 
2.05 37  Liang (2003); 
Crimi and 
Taylor (2007); 
Liang (2004); 
Sra (2010);  
Sra (2013); 
Latimer (1952) 
O3 0.1  103 sec 
(distilled 
water) 
2.07 7 Glaze (1987); 
Latimer (1952) 
 
Of the oxidants listed in Table 1.1, the efficiency of oxidant for benzene treatment 
(defined as minimum g-oxidant required per g-benzene degraded) is most favorable for 
O3 but its low solubility in water and short half-life makes it less effective for diffusive 
delivery to low permeability zones. H2O2 has a favorable efficiency and is the most 
soluble, but also has limited delivery potential because of its short half-life. S2O82- has a 
favorable solubility and longer half-life but has a low efficiency. MnO4- has a lower 
solubility but a long half-life. The efficiency for MnO4- reaction with benzene is not 
included since it does not react with benzene (one of the COC in this dissertation). 
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While there has been some movement towards adding stabilizers to H2O2 to 
increase the transport during injection, most products are proprietary with little to no 
information available on the stabilizer used or its effectiveness. Of the column studies 
found regarding stabilized and non-stabilized H2O2, stabilization shows improvement in 
H2O2 transport over non-stabilized H2O2. However even the stabilized treatments 
suggests H2O2 transport on the order of centimeters and not meters.  For example:  
• Ravlkumar and Gurol (1994) found 60% of the H2O2 in their column experiments 
decomposed from natural iron in clean sand in less than 91 cm (average linear 
velocity of injection 7.7 cm/min).  
• Yeh et al. (2003) determined that the half-life of H2O2 was less than 60 min in 
silica sand and H2O2 decomposed by more than 50% in about 30 cm of travel with 
an average linear velocity of 0.14 cm/min.  
• Schmidt et al. (2011) found that H2O2 stabilized with phytate reached near-
injection concentrations 1 meter from the injection port after three pore volumes 
were delivered (25 cm after 1 pore volume) in a one-dimensional column 
experiment whereas the non-stabilized H2O2 solution never reached 40 cm despite 
multiple pore volumes (oxidant applied as pulse).  
• Baciocchi et al. (2004) showed increased transport of a 2% H2O2 mixture using 
KH2PO4 such that negligible losses were observed in 30 cm column studies after 
180 min. Conversely, the non-stabilized H2O2 saw almost compete decomposition 
after 180 min in the 30 cm column when experiments were conducted with an 
average linear velocity of approximately 2.2-2.6 cm/min. 
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• Krembs et al. (2010) found that the median observed radius of H2O2 travel at six 
sites where this information was reported for activated H2O2 was 15 ft. This 
difference between the field reports and the lab studies suggests that either the 
laboratory column experiments are not capable of simulating the complexities of 
transport at field sites or there is some flaw in field monitoring resulting in a 
greater radius of influence reported than likely occurred.  
 
With respect to understanding the distribution of oxidants at field sites, current 
practices rely on using the oxidant byproducts (such as heat, specific conductance, pH 
and dissolved oxygen) (SERDP, 2011; Chodola et al., 2003; ITRC, 2005) to assess 
oxidant distribution. Also, some sites use oxidant injection wells for contaminant 
reduction monitoring to determine the extent of treatment (Clifton and Johnson, 2013). 
By using the injection well to monitor the COC removal, the information provided shows 
only what treatment was accomplished at that well and not the radial distance treatment 
was achieved. Using the byproducts to monitor oxidant distribution can also be 
misleading. The byproducts will provide insight on the distribution of the injected 
solution but not necessarily on how far the oxidative capacity moves. This concept is 
illustrated in Figure 1.5 for a radial flow scenario.  
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Figure 1.5. Difference between the radius of oxidation (ROO) and the radius of flow 
(ROF) 
 
Figure 1.5 shows that the distribution of oxidative capacity will be less than or 
equal to the distribution of oxidant solution; the radius of oxidation (ROO) is the distance 
away from the injection point that the oxidant travels before its oxidative capacity is used 
up, while the radius of flow (ROF) is the distance away from the injection point that the 
oxidant solution travels. The ROF can be estimated by taking the square root of the 
volume injected (V) dividing by the well screen height (H), pi (pi), and the porosity (φ) 
(ROF= 	
/ assuming a one-dimensional cylindrical flow field). The faster the 
reaction of an oxidant, the greater the difference between ROO and ROF will be. 
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If adequate distribution of high concentration oxidant can be achieved at a site, 
there is potential for oxidant diffusion into the less permeable zones. The reaction rate 
and column studies suggest that H2O2 may not be a suitable diffusive oxidant but S2O82- 
and MnO4- might permit lateral delivery and vertical diffusion. As mentioned earlier, 
research has been conducted evaluating the use of MnO4- for diffusion into soils 
contaminated with dense non-aqueous phase liquid (DNAPL) with promising, though 
limited results (Struse, 2002; Honning, 2007; Marble et al., 2010; SERDP, 2011; 
Chokejaroenrat et al., 2013). Johnson et al. (2008) looked at the diffusion of heat 
activated S2O82- into a lower conductivity layer from a modeling perspective and 
determined that the short half-life of the heat activated S2O82- would restrict the depth and 
effectiveness of the oxidant in the lower conductivity layer. Tsitonaki et al. (2010) 
mentioned that current field practices are turning towards non-activated S2O82- diffusion 
into clays because of its slow reaction rate.  
The oxidant concentration with time and depth for the simplified one-dimensional 
transient and non-reactive diffusion-only is estimated by:  
, =  ∗ (1 − erf

  !∗"#$$% ∗&
'()   
where z (cm) is the depth into the lower permeability layer, t (s) is the time from the start 
of the oxidants presence at the interface,  (mg oxidant/L water) is the interface 
concentration of the oxidant, , (mg oxidant/L water) is the concentration of oxidant at 
depth z at time t,  (cm2/s) is the effective diffusion coefficient of the oxidant, and φ 
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(cm3 water/cm3 total) is the porosity. The solution for this equation for a 10% w/w 
Na2S2O8 treatment for a soil with a porosity of 0.35 is shown in Figure 1.6 
 
Figure 1.6. Diffusion of slowly-reacting oxidant into lower permeability layer for varying 
times of interface treatment. 
 
 
The diffused concentration with depth and time equation shows that the flux of 
oxidant into the lower permeability region will be dependent on the concentration of the 
oxidant at the interface, the diffusion coefficient of the oxidant, and the contact time. 
Both the concentration and contact time can be controlled by the delivery process to the 
more permeable zone, although there are practicable limitations on delivery well spacing, 
injection volumes, and rate of oxidant solution injection into higher permeability zones. 
This means that the oxidant concentration and its persistence at the interface will also be 
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dependent on the reaction rate and natural groundwater flow velocity.  Slower reaction 
rates and groundwater velocities will favor higher interface concentrations, longer contact 
times, and ultimately greater oxidant mass delivery to the lower permeability zone. In the 
concentration calculation above, the reaction rates are assumed to be negligible compared 
to the diffusion rates which may provide a reasonable preliminary description of non-
activated S2O82- and MnO4- since they have slower reaction rates. This would not be a 
valid assumption for H2O2 or O3.  
The interface time required for adequate diffusion will be dependent on the 
treatment depth required, the concentration of the oxidant at the interface, and the 
reaction rate and efficiency of the oxidant and the COC. If the oxidant has a fast reaction 
rate, it will likely react with all organic materials as it diffuses which will greatly limit its 
maximum penetration depth. If the reaction is too slow, the oxidant may diffuse into the 
lower permeability region and then out of the lower permeability region once the oxidant 
at the interface is flushed out without significantly reacting with the COC.  
An ideal oxidant would be slow to react during the initial diffusive delivery and 
then react faster before it has time to diffuse out of the system. Controlling the reaction 
rate can be accomplished with temperature manipulation or through the addition of an 
actuator. This could be done by using a less reactive oxidant (S2O82-) and delivering an 
activator either before or after the oxidant so that one diffuses into the lower permeability 
region and then reacts with the other as it diffuses. This would allow for the control of 
when and where the reaction would occur. This concept is shown in Figure 1.7. 
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Figure 1.7. Separate delivery of oxidant and activator for increasing oxidant reaction in the 
lower permeability region. 
 
 
1.7 RESEARCH GOALS AND DISSERTATION FOCUS  
The NRC (2013) report states: “Based on what is known about the effectiveness 
of remediation technologies…, the committee concluded that regardless of the 
technology used, the complete removal of contaminant mass at a complex site is 
unlikely”. The goal of this work is to evaluate the potential use of ISCO to accomplish 
treatment that is not complete, but sufficient to reduce contaminant emissions from lower 
permeability zones to acceptable levels. This can in principle be accomplished by 
creating a clean contaminant depletion zone that increases the distance over which 
diffusion occurs, and therefore reduces the concentration gradient and diffusive flux to 
the interface as shown in Figure 1.4 and below in Figure 1.8.  While the lower 
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permeability source may be meters thick, clean zones on the order of centimeters may 
suffice to reduce groundwater concentrations by an order of magnitude or more 
(dependent on the COC, porosity, concentration gradient, mass of NAPL, age of site, 
etc.).  
 
Figure 1.8. Creation of a clean depletion zone to increase diffusion distance thereby 
decreasing flux from lower permeability source. 
 
This concept will be examined through laboratory-scale physical model proof-of-
concept experiments.  The goals of this work are: 
• To identify oxidant characteristics that allow diffusion into and reaction with 
sources contained in lower permeability soils.  
• Assess the feasibility of forming clean or depleted zones in the lower permeability 
soil through diffusive delivery of oxidants.  
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• Assess the sustained emission reduction from the source contained in the lower 
permeability zone achieved by the formation of the clean or depleted zone. 
 
1.8 DISSERTATION  OUTLINE 
The focus of this dissertation is on the use of ISCO to treat complex sites 
impacted by petroleum spills, and to examine potential strategies to reduce emissions 
from low permeability zones. 
Chapter 2 is focused on H2O2 distribution away from delivery points and 
includes testing in the laboratory and at a field site. With respect to the latter, H2O2 and 
its byproduct distribution were monitored during two ISCO injections at an underground 
storage tank site to compare the oxidant distribution with its byproduct distribution.  
Complementary laboratory-scale physical model studies were also conducted to track 
H2O2 distribution and its effect on emissions from low permeability layer containing a 
dissolved contaminant. 
Chapter 3 focuses on the diffusion of S2O82- into a lower permeability layer 
containing a dissolved hydrocarbon source in a laboratory two dimensional tank study. 
The subsequent emission reduction in the effluent was used as the indication of treatment 
efficiency with profiles from the lower conductivity material providing additional insight 
into the mechanism of the emission reduction observed.  
Chapter 4 builds on the results from the treatment of a dissolved source to 
determine the potential of using S2O82- to reduce the emissions from a lower permeability 
sand containing an LNAPL source. This method involved a stronger oxidant delivery by 
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activation of the S2O82- with OH- delivered separately to encourage a stronger reaction at 
the interface.  
Chapter 5 builds on the conclusions of the previous chapters and discusses 
options for future research on this topic.   
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CHAPTER 2 
DETERMINING OXIDANT AND BYPRODUCT DISTRIBUTION AT A 
HYDROGEN PEROXIDE TREATMENT SITE 
2.1 INTRODUCTION 
In 2012 U.S. Environmental Protection Agency (USEPA) stated that in situ 
chemical oxidation (ISCO) was the fastest growing remediation technology used at 
USEPA hazardous waste sites (USEPA, 2012). Benefits of ISCO include smaller waste 
volumes to dispose of and shorter timespans of remediation events (ITRC, 2005). The 
four most commonly used ISCO treatments include permanganate (MnO4-), activated 
hydrogen peroxide (H2O2 + Fe2+), ozone (O3), and persulfate (S2O82-), with the first two 
being the most frequently used (USEPA, 2012).  Krembs et al. (2010) evaluated 182 sites 
where ISCO was implemented between 1995 and 2007, and over 60 of those sites were 
treated using activated H2O2. Of 49 sites evaluated by Clifton and Johnson (2013), 31 
included H2O2. 
The majority of H2O2 field treatments are done in batch systems where the H2O2 
is delivered through injection wells. The average injection volume was equivalent to 
about 0.073 pore volumes of H2O2 and was injected over an average of 6 d (Krembs et 
al., 2010). 
 The stoichiometric equation for H2O2 reaction with benzene is (Osgerby, 2006): 
*+* + 20+/ → 6/ + 23+/ + 2.5/    (1) 
According to Watts and Teel (2005) H2O2 itself cannot degrade benzene unless there is 
an activator added to generate hydroxyl radicals (OH•) as these are needed to break 
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chemical bonds. OH• generation occurs when H2O2 interacts with ferrous iron (Fe2+), 
with the latter initiating the reaction: 
567 + +/ → 5687 + /+9 + /+∙                                                        (2) 
This exothermic reaction is also known as “Fenton’s reaction” and solutions of Fe2+ and 
H2O2 are referred to as “Fenton’s reagent”. The concentrations of benzene, toluene, 
ethylbenzene, and xylene (BTEX) can be reduced by between 80 to >99% in batch tests 
assuming sufficient H2O2, iron, and stabilizers are used (Kang and Hua, 2005; Crimi and 
Taylor, 2007).  
The OH• is extremely reactive and non-specific. Reaction rates for /+∙ are 
between 106 - 1011 M-1 S-1 suggesting that, once generated, the radicals will not travel far 
before reacting (SERDP, 2011). The decomposition of H2O2 is also relatively rapid in the 
presence of ferrous iron; for example, Haber (1934) reported that the half-life for H2O2 in 
a Fenton’s reagent solution is seconds, while others have reported 2.1 - 5.6 h in soil 
suspensions (U.S. EPA 2007, Lide 2006).  
Lab studies have looked at the migration of H2O2 in columns: Ravikumar and 
Gurol (1994) saw a 60% loss of H2O2 from natural iron found in clean sand in less than 
90 cm from an injected average linear velocity of 7.7 cm/min and Yeh et al. (2003) 
estimated the half-life of 1 h for H2O2 in silica sand and that it was reduced by more than 
50% in about 30 cm in column experiments with an average linear velocity of 0.14 
cm/min.  There is evidence that stabilizers can affect travel distance, as Schmidt et al. 
(2011) found that H2O2 stabilized with phytate reached near-injection concentrations one 
meter after three pore volumes of flushing whereas the non-stabilized column never 
reached 40 cm after multiple flushing. The oxidants in Schmidt et al. (2011) were applied 
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in pulses as opposed to continuous flow. Baciocchi et al. (2004) showed increased 
transport of a 2% H2O2 mixture using KH2PO4 such that negligible losses were observed 
in 30 cm column studies after 180 min. Conversely, the non-stabilized H2O2 saw almost 
compete decomposition after 180 min flow in the same 30 cm column both done with 
average linear velocities of approximately 2.2-2.6 cm/min.  
The information above, along with the fast and non-specific reaction of /+∙ 
suggests that H2O2 solutions might not travel far from their injection locations. It also 
suggests that in situ contact and mixing between contaminants and oxidant solution is key 
when using H2O2 for remediation.  
Another interesting aspect of H2O2 use is the production of O2 gas. For example, 
H2O2 decomposition without radical production and contaminant degradation: 
2+/ → 2+/ + /       (3) 
This reaction will produce 36 L of O2 gas from one liter of a 10% w/w H2O2 solution (at 
1 atm and 20 °C). Even with Fenton’s reactions (e.g., reaction equation 1 above), 9 L of 
O2 gas is produced if all H2O2 in a 10% w/w solution is consumed through benzene 
oxidation. 
Pockets of O2 gas trapped in an aquifer can result in elevated dissolved oxygen 
(DO) levels for days to weeks (Johnson et al. 2009). This O2 may be utilized as an 
electron acceptor for the aerobic biodegradation of dissolved hydrocarbons.  One 
equation for the aerobic biodegreadation of benzene is (Chiang et al. 1989). 
*+* + 2.5/ + ;+8 → *+</;	(>6??@) + / + +/               (4) 
Petroleum hydrocarbon degraders are ubiquitous in most natural soils and can 
reduce dissolved hydrocarbons in groundwater (e.g., BTEX) down to non-detect levels at 
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DO concentrations of around 3 mg/L (Salanitro 1993). In the presence of pure O2, DO 
levels can exceed 40 mg/L which could result in aerobic biodegradation of hydrocarbons 
during or after oxidant delivery, although microbial mediated reactions are slower than 
OH• reactions, with half-lives on the order of days in well-oxygenated solutions (Fiorenza 
et al., 1991; Salanitro, 1993; Johnson et al., 2009).  Thus, even if the contaminant is not 
destroyed by the hydroxyl radical production during the H2O2 decomposition, there is 
potential for longer-term microbial oxidation of dissolved hydrocarbons for as long as the 
trapped O2 gas persists in the aquifer.  This also has monitoring implications as the 
presence of trapped O2 gas could cause mischaracterization of ISCO treatment 
effectiveness.  For example, if post ISCO-injection monitoring is not conducted beyond 
depletion time for the trapped O2 gas, dissolved contaminant concentrations would appear 
to be much lower than they would be long-term after O2 gas depletion.  
With respect to oxidant distribution and monitoring during delivery, the Interstate 
Technology and Regulatory Council (ITRC) suggests tracking of DO, pH, oxidation 
reduction potential (OPR), dissolved CO2, temperature, and specific contaminants to 
determine the radius of treatment (ITRC, 2005). This is because H2O2 treatment can 
cause these groundwater parameters to change, and those changes provide an indication 
of where the injected solution has traveled.  Whether or not this is a valid means of 
determining distribution of the oxidant or the zone of treatment is questionable because 
monitoring of byproducts indicates where the solution has traveled, but not where the 
oxidant is or where oxidative reactions are occurring. This concept is illustrated in Figure 
2.1. In this figure, the furthest distance the oxidant travels from the injection well is 
defined to be the radius of oxidant distribution (ROO) while the radius of the injected 
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fluid (ROF) is the distance traveled by the injected solution. The latter (ROF) can be 
determined by ISCO by-products, while the former can only be determined by tracking 
the oxidant(s). The two could be quite different, especially in cases with rapid and non-
selective oxidant reactions.  The average radius of influence (ROO) inferred from 
available data for six H2O2 sites was 4.6 m (Krembs et al., 2010).  
 
Figure 2.1. Difference in ROO (oxidant) and ROF (injected solutions radius) 
The ROF can be estimated from the well screen length or thickness of associated 
transmissive zone (H), volume injected (V), and effective porosity (φ): 
ROF = [V/(3.14 H φ)]1/2 (5) 
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There is the potential of underestimating ROF with this equation in cases with thin 
uncharacterized highly transmissive zones.  
The goal of this research is to characterize and examine differences between the 
ROO and ROF at a full-scale H2O2 treatment site, to see if the difference between the 
field ROO and ROF could be anticipated by lab-scale physical model studies and 
equation (5) above, and to examine if trapped O2 gas can impact the short-term 
characterization H2O2 treatment and lead to mischaracterization of longer-term treatment 
effectiveness.  
 
2.2 FIELD SITE 
 The field research was conducted at a petroleum-impacted site where H2O2/O3/air 
ISCO remediation was applied by a third-party vendor. The site was a former leaking 
underground storage tank (LUST); the underground storage tank (UST) had been 
removed and some, but not all impacted soil had been excavated and replaced with back-
fill.  The site layout with estimated locations of the dissolved hydrocarbon plume, former 
UST, and injection and monitoring wells is shown in Figure 2.2. 
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Figure 2.2. Site layout with monitoring network. IW1 – IW4 are oxidant injection wells 
and all others are used for monitoring. 
 
The subsurface at the site consisted of fill material from ground surface to 1.2 - 
2.4 m below ground surface (bgs), fine and medium grained sand from 2.4 - 4.6 m bgs, 
and medium grained sand with trace silts and clay from 4.6 - 6.1 m bgs. The water table 
was found at approximately 2.0 - 2.4 m bgs, and petroleum-impacted soil and 
groundwater were present at 2.4 - 5.3 m bgs. Field site conditions were provided by 
Cloud (2010). Figure 2.3 shows a conceptualization of the soil properties and well 
construction specifics.  
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Figure 2.3. Conceptualization of the subsurface and construction details for injection and 
monitoring wells. 
 
 
Two ISCO treatments were performed prior to the two events monitored in this 
study; details are presented in Table 2.1. The batch injections occurred over the course of 
three days and the injection of ferrous sulfate, H2O2, ozone, and air were alternated 
between five injection locations often with H2O2, ozone, and air injected simultaneously. 
Batches of previously mixed 15% w/w H2O2 were delivered to the site where hoses then 
delivered the solutions to the wells. Ozone was generated on-site and then mixed with air 
to increase the volume of gas injected. Iron was added as needed when the independent 
vendor decided their results indicated depletion of the residual iron. Iron, volume of gas 
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and oxidants, oxidant concentrations, locations, and rates were all selected and 
implemented by an independent ISCO vender.   
Table 2.1  
Treatments Preformed Prior to and During Treatments Monitored During this Study 
(Cloud 2010) 
Event 15% w/w 
H2O2 
[gal] 
10% w/w 
ferrous sulfate 
[gal] 
12% EDTA 
 
[gal]  
O3 
 
[lb] 
Pre-study 1 (t=0d) 3,111 70 60 1.52 
Pre-study 2 (t=57 d) 3,855   1.67 
Event 1 (t=113 d) 4,037   7.01 
Event 2 (t=176 d) 3,998 60 60 1.67 
 
Figure 2.4 presents a plan view of the site with the predicted ROF about each 
injection well for Event 1 (blue) and Event 2 (red). The blue dots show where monitoring 
wells were installed before Event 1 and the red diamonds show additional wells added 
before Event 2. The monitoring wells were clustered around IW2 and IW5. These 
injection wells were sufficiently far apart that the estimated ROF for each well was 
unlikely to be affected by injections at the other.  The distribution about two wells was 
studied to compare the oxidant and by-product distributions about two different injection 
wells.  
Thirty nine direct-push, 2.54-cm PVC monitoring wells were installed at this site; 
27 before Event 1 and 12 before Event 2. Of the 39 wells installed, 22 were placed at 
distances of 0.6, 2.4 or 4.9 m away from either IW2 or IW5 and three were placed at 
intermediate points away from IW2 (monitoring wells 20, 21 and 22). Nine of the wells 
(e.g. 13A and 13B, and 20A and 20B) were installed as nested multi-depth wells in case 
density differences cause downward migration of the H2O2 solutions.  
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Figure 2.4. Predicted ROFs about injection wells having 0.6 m well screens, assuming an 
effective porosity of 0.3 m3-pores/m3-soil.  
 
Before, during, and after the injection event, DO, ORP, pH, specific conductance, 
and temperature were measured using a YSI 556 MPS water quality probe. Groundwater 
was pumped from wells using a peristaltic pump and a flow-through cell and samples 
were collected after water quality parameters stabilized (4 - 20 L for 5 - 15 min). The 
H2O2 and ozone concentrations were measured using 0 - 100 ppm Indigo H2O2 test strips 
(with dilution for quantification) and the Hach ozone test kit 0 - 2.3 mg/L colorimetric 
disk, respectively. The indigo test strips were used to determine initial H2O2 
presence/absence and then quantification by diluting the samples until they were within 
the 0 - 100 ppm range. The Indigo test strip was found to react with dissolved ozone in 
the lab so the Hach ozone test kit was used to identify and quantify ozone presence. The 
test strip provided quantification of H2O2 within +/-50% (based on the color 
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differentiation provided). No field samples contained measurable dissolved ozone, so the 
quantification of H2O2 with the test strips was not compromised. 
 Because of the 1-20% w/w levels of H2O2 typically used at field sites (Sigerist et 
al., 2011), there is potential for carryover of H2O2 in sampling equipment (beaker, tubing, 
gloves, etc) between sampling wells. H2O2 is very soluble but was observed to leave 
residual H2O2 on sampling equipment in the lab and the field. It was determined that new 
or thoroughly rinsed sampling equipment should be used when measuring H2O2 using 
low concentration test strips due to the potential of false positive reading resulting from 
H2O2 carryover.  
In addition to reaction byproducts (temperature, DO, ORP, etc.) and oxidant 
measurements, groundwater samples were collected before and after Event 2 for BTEX 
hydrocarbon analysis.  Groundwater samples were collected in volatile organic analysis 
(VOA) vials, preserved with hydrochloric acid, and analyzed using an SRI® gas 
chromatograph (GC) system equipped with a flame ionization detector (FID) and a 
Restec MXT®-5 30 m 0.53 mm ID column (GC-FID). Heated headspace analysis 
(method EPA 8260B) was used. The VOA vials were placed upside-down in a water bath 
held at 42°C. Samples were analyzed by injecting 500 uL of headspace vapor onto the 
GC.  
Groundwater samples were also collected for polymerase chain reaction (QPCR) 
and compound specific isotope analysis (CSIA), and soil samples were also collected for 
petroleum hydrocarbon analysis. Those results did not provide any additional insight to 
processes occurring at the site, so they are not discussed here; however, they can be 
found in Appendix XI (Cavanagh et al., 2013). 
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 During Event 1, H2O2 measurements were taken 8 times per well while the other 
water quality parameters were measured 7 times over the three day treatment. For Event 
2, H2O2 was measured 10 times per well while the other parameters were measured 8 
times over the 3 days. Ozone measurements coincident with every H2O2 sample 
collection during Event 1 but was only sampled for periodically during Event 2. H2O2, 
O3, DO and other water quality parameters were measured at the start and end of each 
day and midway through the day during the injection.  
 
2.3 FIELD RESULTS 
Table 2.2 shows locations and times of H2O2 detections during Events 1 and 2. 
The distribution of the H2O2 was limited to approximately 0.6 m or less from the 
injection wells.  
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Table 2.2 
Location, Time, and Concentration of H2O2 Detected During Treatment.  
Well Distance from 
IP2 or IP 5 (m) 
Sampling 
Event 
Concentration 
H2O2 (mg/L) 
When it was measured 
2 0.6 Event 2 1x104 
1x102 
Middle of 2nd day 
End of 2nd day 
 
3 
 
0.6 
Event 1 3x103 End of 1st treatment day 
Event 2 1x105 
1x104 
Middle of 2nd day 
End of 2nd day 
 
11 
 
0.6 
Event 1 1x102 Middle of 1st treatment day 
Event 2 5x102 Middle of 1st day 
 
 
 
12 
 
 
 
0.6 
Event 1 1x104 
3 
1x102 
End of 1st treatment day 
Start of 2nd day, 
End of 2nd day 
Event 2 1x105 
50 
50 
Middle of 1st day 
Start of 2nd day 
End of 3rd day 
 
 
13 A 
 
 
0.6 
Event 1 1x104 
10 
End of 1st treatment day 
End of 2nd day 
Event 2 1x105 
5x104 
10 
50 
Middle of 1st day 
End of 1st day 
Start of 2nd day 
End of 3rd day 
 
 
 While H2O2 was not detected at distances greater than 0.6 m, DO and temperature 
increases were detected 3 - 6 m from the injection wells as shown in Figure 2.5. Elevated 
temperatures are similar to the estimated ROFs shown in Figure 2.4, based on equation 
(5) and assuming a 0.6 m screen interval (H), 0.3 soil porosity (φ), and injected volumes 
reported by the vendor (V). 
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Figure 2.5. Contour plots showing temperature and DO increases after each treatment 
event. 
  45 
There are differences between the elevated temperature and DO distributions 
shown in Figure 2.5. This might be a result of the decrease in O2 solubility with increased 
temperature (temperature measurements were as high as 80°C). Figure 2.6 shows the 
temperature vs. DO for all the measured wells. Groundwater in monitoring wells 0.6 m 
from the injection wells had the highest temperature increases, but lower DO values than 
the wells at greater distances. Also, both the highest temperature reading (Event 2, well 2, 
temperature was 80°C) and the highest DO (Event 1, well 28, DO was 43 mg O2/L water) 
both occurred at times when H2O2 was not present in the well (end of second day and end 
of first day respectively). Residual elevated DO was measured a month or more after a 
treatment (max pre-Event 1 and Event 2 DO was 27 and 29 mg O2/L water respectively).  
 
Figure 2.6. Temperature vs. DO measured from the monitoring wells from before, during, 
and after Events 1 and 2.  
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Figure 2.7. BTEX concentrations in groundwater samples collected before and after Event 
2. Note that the BTEX units are measured in ug/L. 
 
Figure 2.7 shows the dissolved BTEX groundwater concentrations before and 
after treatment which supports the finding that the reactive treatment volume was 
minimal since the change in groundwater concentrations before and after H2O2 addition 
was minimal. The effects of dilution and oxidation are not differentiated in the final 
dissolved concentration measurements in Figure 2.7. 
 
2.4 LAB STUDY 
 To gain more insight into H2O2 transport, O2 gas generated during treatment, and 
the impact of residual O2 gas on performance monitoring, experiments were conducted in 
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the 1.2-m high x 1.2-m long x 5-cm thick stainless steel tank shown schematically in 
Figure 2.8. The tank was packed with two soil layers, consisting of a lower permeability 
sand and a higher permeability sand. The lower permeability sand was a mix of 20% w/w 
200 mesh silica sand and 80% w/w 120 mesh feldspar sand. The hydraulic conductivity 
of this sand mixture was 8 x 10-5 cm/sec and the porosity was 0.34 L-pores/L-soil. The 
fraction of organic carbon (foc) was 0.004 g organic/g soil. The higher permeability sand 
was a 20-40 mesh clean silica sand with a hydraulic conductivity of 1 x 10-1 cm/sec, a 
porosity of 0.36, and an foc of 0.0013 g organic/g soil.  
Water was flooded into and out of the higher permeability sand through a 
distributor constructed using Geoprobe® stainless steel screen vapor/groundwater 
sampling implants (53-cm long x 1.3-cm diameter). Flow was controlled by an influent 
peristaltic pump and the outflow was controlled by a constant head device at the effluent 
side of the tank. An additional Geoprobe® stainless steel screen (0.25-m long x 1.3-in 
diameter) was placed on the influent side just above the lower permeability layer for the 
addition of the H2O2.  
The front section of the tank contained a window to visibly confirm relatively 
uniform and horizontal flow and to identify any changes in the sand pack due to 
treatment. Sampling ports, using Swagelok® ¼ in fittings sealed with Septa Thermolite® 
Shimadzu Plugs, were installed through the window. This allowed groundwater samples 
to be collected inside the system during the experiment.  
  48 
 
Figure 2.8. Experimental apparatus. (A) Nitrogen sparging system (30 psi N2 flow) to 
control influent DO to < 1 mg/L; (B) & (C) influent and effluent head measurement; (D) 
constant head device; (E) influent peristaltic pump set at approximately 4 ml/min; (F) 
influent and effluent screens (Geoprobe®  stainless steel screen vapor/groundwater 
sampling implants 21-in long x 0.5-in diameter; (G) sampling ports; (H) effluent 
sampling port; (I) higher permeability sand; (J) lower permeability sand; (K) pebbles to 
break capillary rise; (L) H2O2 injection screen; (M) vapor collection system (1 L Tedlar 
bags); (N) pump injecting 10% w/w H2O2 (11 and 15 ml/min) 
 
 
A dissolved source was created in the lower permeability layer by flowing 10 
mg/L dissolved toluene from the bottom of the tank, up. This was done until the lower 
permeability sampling ports showed a uniform toluene concentration across the entire 
region.  
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After a stable emission rate from the lower permeability layer to the higher 
permeability layer was established (as determined by effluent flow rates and 
concentrations), a 10% w/w H2O2 solution was injected. This concentration is within the 
range of H2O2 used in the field (0.1 - 60% with an average of 30%) (Krembs, 2008). 
Non-stabilized H2O2 was chosen to mimic the conditions at the field site described above. 
For the first 20 h of treatment, H2O2 was injected at 11 mL/min and then at 15 mL/min 
for the second 20 h for a total treatment duration of 40 h.  
The 11 ml/min flow rate was selected to achieve a linear velocity that was 
comparable to velocities seen in the field approximately 0.6 m from an injection well 
(assuming a 270 liters/m of injection screen/h injection). For radial flow, the velocity 
decreases with distance from an injection site. Since the tank system was 1.2 m long, the 
velocity at half this distance was selected (velocity at 0.6 m). The increase in flow from 
11 to 15 ml/min was done to try and attempt breakthrough of H2O2 in the effluent. After 
40 h, this had yet to occur despite approximately 3.1 tank pore volumes of H2O2 having 
passed through the system. H2O2 was tracked throughout the treatment period using the 0 
- 100 ppm Indigo H2O2 test strips with dilution of the H2O2 as needed to maintain the 
concentration measurements within the 0 - 100 ppm range.  
During the H2O2 injection, the gas generated in the aquifer and ultimately released 
from the top of the tank was captured and measured both for volume and periodically for 
composition using a GC equipped with a thermal conductivity detector (TCD). The gas 
was collected in a Tedlar bag attached to the lid of the tank and the volume of gas was 
measured for a known time of collection to estimate the gas generation rate. 
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It should be noted that the influent water was nitrogen sparged so that the inlet 
DO level was < 1 mg/L in order to prevent aerobic biodegradation of the toluene. Also, a 
clean silica sand was used, and it presumably contained less metals and organics than 
soils at typical field sites, so it could be argued that decreased reactivity and increased 
H2O2 distance traveled would be expected relative to field sites.  
Before, during, and after treatment, 3 mL effluent water samples were collected 
for toluene analysis to determine emission rates vs. time. The 3 mL were diluted into 27 
mL of reverse osmosis (RO) water premeasured in a 40 mL VOA vial. These samples 
were analyzed using the same methods as for the dissolved hydrocarbon groundwater 
samples from the field. The linear calibration range for the samples was between 0.005 
and 10 mg/L, and with dilutions the range was 0.05 - 100 mg toluene/L. The error in this 
measurement (sample collection and analysis) was approximately +/- 10%. 
 
2.5 LAB RESULTS 
After 20 h of 10% w/w H2O2 injected at 11 mL/min (about 1.3 high permeability 
zone pore volumes), H2O2 was only detected 0.6 m from the influent delivery screen. 
Even after 40 h and about 3.1 high permeability zone pore volumes, H2O2 was still not 
observed in the effluent collected 1.2 m from the injection screen. The distance the H2O2 
traveled was assessed using the Indigo test strips, which can detect H2O2 as low as 3 ppm.  
This suggests a relatively high reaction rate for unstabilized H2O2 decomposition (half-
life of about 1.5 h needed to go from 10% w/w to <3 ppm in tank half-width travel time 
of 10 h), even in conditions of clean silica sand, uniform packing, and low organic 
content. 
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The pore volume values given above assume flow across the entire high 
permeability zone (one pore volume = thickness of high permeability layer x tank vertical 
cross section area x porosity of high permeability layer).  If one considers that the H2O2 
solution flowed preferentially along the high-low permeability interface due to a more 
dense than water solution density and that trapped O2 gas occupies some of the pore 
space, then it can be argued that the actual number of pore volumes delivered to the 
oxidant flow zone are greater than those calculated above. The displacement of water 
from pores by the O2 gas generated from the H2O2 reaction was observed from gas 
bubbles that visibly formed in the sand and from the head difference across the system 
that fluctuated with time during the H2O2 treatment. The head fluctuation corresponded 
with changes in the effluent flow rate measurements suggesting release of trapped gas 
when measured effluent flow rates decreased and formation of trapped gas when 
measured effluent flow rates increased. 
Figure 2.9 shows the O2 gas generation rate plotted with time of treatment. Within 
minutes of the start of treatment, the gas generation rate reached the stoichiometrically 
expected value for a 10% w/w H2O2 solution. When the flow rate of the H2O2 increased, 
the gas leaving the system increased proportionately.  Gas samples leaving the tank were 
analyzed for composition and were found to be 97 - 99%+ O2. There was a trace of 
nitrogen measured but this is likely due to the influent water being nitrogen sparged to 
decrease the influent DO.  
Figure 2.9 also shows the time from the start of treatment to the first time H2O2 
was detected in the sampling ports just above the higher/lower permeability interface. 
The H2O2 was able to persist in the upstream section of the tank for a longer duration 
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than it did in the downstream section. This could be because the upstream section was 
exposed to more H2O2 during treatment, or because it contained higher H2O2 
concentrations when H2O2 delivery ceased. Bleaching of the sand was observed (the 
upstream sand was lighter in color after prolonged H2O2 exposure) which suggests 
reduced organics in the soil to react with the H2O2. 
 
Figure 2.9. Gas generation and H2O2 propagation during treatment of tank study. 
Figure 2.10 shows the flux of toluene from the system with time along with the 
extrapolated flux assuming no treatment for a comparison of losses from treated and 
untreated scenarios. The flux was extrapolated by fitting the pre-treatment flux vs. time 
data to a power function forming a fit that maximized the R2 (coefficient of 
determination). The equation given was Fluxuntreated=0.0038*time-0.421 [mg/cm2-min] (for 
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reference, theory anticipates a dependence on 1/time0.5).  Also included in this figure are 
the post-treatment effluent DO concentrations. 
Within about 10 days of start of the H2O2 delivery, effluent toluene concentrations 
had decreased to non-detect levels and this condition persisted for 57 days after H2O2 
delivery ceased, although internal port samples showed that there was still sufficient 
toluene being emitted from the lower permeability layer. A DO probe was installed in the 
effluent and measured 23 mg O2/ L water 23 d after treatment while the influent DO was 
<1 mg O2/ L water. The solubility of pure O2 in water at 25°C and 1 atm is 40 mg/L and 
in the presence of air is 8 mg/L. This shows that the O2 being added to the water is a 
result of trapped O2 and not air.  
Fifty seven days after treatment, the DO in the system was still high (3.7 mg O2/ L 
water) but the probe from the effluent was removed due to clogging issues. It was 
reinstalled on day 85 at which time the DO was <1 mg O2/L-water. This shows that O2 
gas generated during a 40 h treatment persisted and affected the assessment of treatment 
performance for about 2 months.  
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Figure 2.10. Toluene flux from lower permeable sand into the more permeable layer before 
and DO vs. time.  H2O2 delivery occurred from 0 – 1.7 d. 
 
 
The toluene flux and DO seem to correlate (reduced toluene emission while DO is 
elevated) suggesting aerobic biodegradation of the toluene in the higher permeability 
layer. The lag time between the H2O2 injection and the effluent concentrations reaching 
non-detect levels likely reflects the acclimation period of the aerobic hydrocarbon 
degraders. After the return to anoxic conditions, a new steady-state flux of toluene from 
the lower permeable sand was established, and this was about 25% of the extrapolated 
untreated scenario flux.  
 
2.6 DISCUSSION 
 There are three important observations from the field and laboratory studies 
presented above: 
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1) The H2O2 did not travel far in either the lab or the field settings.  In the lab, the 
distance H2O2 travelled was less than the width of the tank (<1.2 m) under 
conditions where the fluid would have travelled at least three times the tank 
width, and in the field the ROO was ≤0.9 m, for conditions where the ROF was 
expected to be up to about 4.5 m.  Both field and lab results suggests that the 
ROO<ROF (ROO (measured)/ROF (predicted) field (0.6/4.5) =0.13 m 
measured/m predicted and ROO (measured)/ROF (predicted) lab (0.88/3.72) 
=0.24 m measured/m predicted). These findings are consistent with the 1-D 
column transport studies others have conducted which show that multiple pore 
volumes are needed to transport H2O2 (even stabilized H2O2) 1 m. Even with 
multiple pore volumes, most studies observed H2O2 travel on the order of 
centimeters (Ravlkumar and Gurol, 1994; Yeh et al., 2003; Baciocchi et al., 2004; 
Schmidt et al., 2011).  
 
2) The second key observation is that relying on ISCO by-product measurements 
(DO and/or heat/temperature) will lead to over-estimation of the ROO for fast-
reacting oxidants like H2O2. From the field events, it was seen that the elevated 
temperature gave a good estimate on where the injected solution was traveling 
which would provide information of injected solution distribution at a site, 
although the thermal front may be retarded by the heat capacity of the soil. Higher 
temperature could also potentially decrease the DO concentration due to the 
decrease in DO saturation with increased temperature. This suggests that 
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measuring the DO may not provide a good indication of where the injected 
solution has traveled without coupling it with the temperature reading. Thus, the 
studies show that the injected solution may have elevated temperatures or DO 
without containing any oxidant, and the only definitive approach to determining 
ROO is to measure oxidant concentrations. 
 
3) The third key observation is that the O2 gas generation leads to elevated DO for 
periods of months and that this can mask the true long-term post-treatment 
groundwater impacts. There volume of gas produced in the lab study was 
consistent with stoichiometric expectations and trapped gas was observed visually 
in the sand. As mentioned earlier, trapped O2 gas can persist for days to weeks in 
field settings (Johnson et al., 2009) and this was observed in both the lab and field 
studies in this work. In the field study, the persistence of elevated DO correlated 
with areas of low dissolved hydrocarbon concentrations relative to those 
concentrations in anoxic regions.  In the lab study, elevated DO caused decreased 
effluent toluene concentrations and these increased again after the trapped gas 
was depleted and the DO decreased to inlet levels. This suggests that the elevated 
DO can promote aerobic biodegradation of the dissolved source which provides a 
false sense of treatment effectiveness. Furthermore, this suggests that 
groundwater sampling should continue at sites until DO levels decrease to pre-
treatment levels. Collecting samples prior to this could overestimate the 
effectiveness of the treatment due to suppression of the hydrocarbon 
concentrations due to aerobic biodegradation.  
  57 
2.7 CONCLUSION 
 Conclusions that can be drawn from this study are that multiple flushing 
(approximately 4 required in the lab) are required to achieve 1 m of H2O2 distribution and 
consequently that tight well spacing (1.2 m or less spacing) and multiple pore volume 
injections would be required for any oxidative treatment. Also, the temperature and DO 
at a site can be used to assess the distribution of the injected solution (ROF), but the ROO 
can only be assessed from sampling for the oxidant itself. Finally, the degradation of 
H2O2 to O2 can result in significant O2 gas production, resulting in trapped O2 gas and 
elevated DO levels that persist from weeks to months. The elevated DO levels are 
conducive to aerobic biodegradation and temporarily depressed dissolved contaminant 
levels, which can lead to overestimation of the treatment if only short-term monitoring is 
conducted.  Thus, groundwater monitoring needs to extend beyond the time when natural 
DO levels have returned.  
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CHAPTER 3 
REDUCTION OF EMISSIONS FROM A DISSOLVED SOURCE IN A LOWER 
PERMEABILITY LAYER BY INTERFACE TREATMENT USING SODIUM 
PERSULFATE  
3.1 INTRODUCTION 
According to USEPA (2004), the predominant soil and groundwater remediation 
methods used at hydrocarbon sites include pump and treat, air sparging, soil vapor 
extraction, and in situ chemical oxidation (ISCO). These methods are geared towards 
removal of contaminants from the most permeable zones as they all involve fluid flow. 
Once contaminants are removed from the permeable zones, groundwater may still be 
impacted for decades by diffusion of chemicals from impacted lower permeability zones 
into groundwater flowing through higher permeability zones (Honning et al., 2007; 
SERDP, 2011).  
ISCO use has increased since its first application in 1984 (Krembs et al., 2010; 
SERDP, 2011) although its performance is still not fully understood (Krembs et al., 
2010).  The oxidant is often injected in liquid solution under pressure into wells. Its 
distribution at a site is controlled by soil structure and properties (SERDP, 2011) and any 
additional flow disruptions resulting from gas generation and precipitant formation 
associated with oxidant reactions. As subsurface heterogeneity increases, remediation 
becomes more difficult and complete removal of contaminants from lower permeability 
layers is unlikely (NRC, 2013). 
The work presented here evaluates the use of non-activated persulfate (S2O82-) and its 
delivery by diffusion to treat a dissolved source in a lower permeability layer. Non-
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activated S2O82- refers to the direct reaction of S2O82- with the organic or the generation 
of sulfate radicals from the interaction of S2O82- and natural metals in the soil (SERDP, 
2011). Non-activated S2O82- results in a slower reaction than activated S2O82- (SERDP, 
2011).  
The intent is not to remediate the entire lower permeability layer, but instead to 
partially treat it and cause sufficient sustained reduction in contaminant emissions and 
groundwater impacts as shown in Figure 3.1.  ISCO delivery through diffusion has been 
discussed in the literature (Tsitonaki et al., 2010), with emphasis on permanganate 
injections to treat a dissolved dense non-aqueous phase liquid (DNAPL) (Honning et al., 
2007; Chokejaroenrat et al., 2013) or pure DNAPL (Siegrist et al., 1999; Struse et al., 
2002; Marble et al., 2010) trapped in lower permeability soils or fractured bedrock. 
Johnson et al. (2008) modeled heat activated S2O82- diffusion but found the reaction rate 
was too great relative to the rate of diffusion to achieve significant penetration of the 
oxidant.  Tsitonaki et al. (2010) suggest that non-activated applications of S2O82- may be 
preferable for remediation of lower permeability zones because its slower reaction rate 
allows for increased penetration by diffusion.  
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Figure 3.1. Comparison of emissions, during, and after partial treatment. J=contaminant 
flux [mg/m2-d]. = effective diffusion coefficient [m2/d],  = source concentration 
[mg/m3], ∆ = difference between the dissolved source () and the higher permeability 
region (≈0) [mg/m3], and ∆L = diffusion distance [m].  
 
In this work, a sodium persulfate (Na2S2O8) solution is delivered for a prescribed 
period of time to a higher permeability layer overlying a lower permeability layer with a 
dissolved chemical source containing methyl tert-butyl ether (MTBE), benzene, toluene, 
ethylbenzene, and p-xylene (BTEX). The subsequent S2O82- diffusion and reaction in the 
lower permeability layer is monitored with time.  Water samples are collected from the 
effluent and pore water sampling ports. The hydrocarbon concentrations are used to track 
emissions with time and flow as well as changes in chemical distribution in the lower 
permeability layer.  
MTBE and BTEX were selected as compounds of interest since these are often the 
most monitored and regulated hydrocarbon compounds at petroleum-impacted sites. 
Na2S2O8 was selected because S2O82- can oxidize all the BTEX compounds (Huang et al., 
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2005). Some literature reports that MTBE will not be degraded significantly under non-
activated S2O8 treatment in porous media (SERDP, 2011), so it can potentially serve as 
an internal control or reference compound for the experiment. The initial dissolved 
MTBE and BTEX concentrations were selected in part to be representative of near-source 
zone conditions (Johnson et al., 1990) and in part to provide sufficient analytical 
sensitivity for the dissolved concentration measurements. A 10% w/w non-activated 
Na2S2O8 solution was selected as field applications reportedly use from 5 to 33.5% w/w 
Na2S2O8 solutions (Krembs, 2008). A 14-d delivery time was selected based on 
consideration of treatment areas and groundwater flow at field sites and from 
consideration of preliminary results from 1-D column experiments.  
 
3.2 METHOD 
3.2.1 Physical model design. An idealized two-layer horizontal flow system 
created in a two-dimensional lab-scale tank was utilized to study the effects of interface 
treatment on chemical emissions from a dissolved source. In brief, the emission rate at 
any time can be calculated through overall mass balance by multiplying measured values 
of flow rate Q [L/d] and effluent chemical concentration Ceff  [mg/L]. 
The stainless steel tank is 122-cm tall, 122-cm wide, and 5-cm thick.  One face 
has a window to view packing conditions and flow.  Figure 3.2 presents a schematic of 
the experimental lay-out. Sampling ports through the window allow water sample 
collection and determination of oxidant and chemical distribution in the lower 
permeability layer during the test.  These are constructed from stainless steel Swagelok® 
¼ in fittings sealed with Septa Thermolite® Shimadzu Plugs which allowed for water 
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sample collection using a needle and syringe. Samples are also collected at the tank inlet 
and outlet and the flow rate and head change across the tank are measured.   
The upper higher-permeability layer was a sand (Quikrete® 50 lb Play Sand®; 
99-99.9% by weight crystalline silica retained in 50 mesh sieve) with a hydraulic 
conductivity of 6 x 10-2 cm/sec, a porosity of 0.37 cm3-pores/cm3-soil, and a low fraction 
of organic carbon foc = 0.005 g organic carbon/g soil). The lower-permeability bottom 
layer was also a sand (20% w/w 200 mesh silica sand and 80% w/w 120 mesh feldspar 
sand) with a hydraulic conductivity of 8 x 10-5 cm/sec, a porosity of 0.34 cm3-pores/cm3-
soil, and an foc = 0.004 g organic carbon/g soil. Thus, there was nearly three orders of 
magnitude difference in permeability between the two layers.  
The dissolved hydrocarbon lower-permeability source zone was created by 
flooding the tank from the bottom with a dissolved solution of MTBE and BTEX until a 
uniform concentration was measured in the pore water of the lower permeability layer. 
Then, a lateral flow of N2-sparged RO (reverse-osmosis) water in the higher-permeability 
layer was started across the tank. The water in  the higher permeability zone was 
dispersed throughout this layer using Geoprobe® stainless steel screen 
vapor/groundwater sampling implants (53 cm long x 1.3-cm diameter) placed on the 
influent and effluent sides in the upper layer. Near constant flow (2.8 mL/min) was 
controlled by a peristaltic pump at the inlet and a constant head device at the outlet. Head 
measuring devices were connected to the influent and effluent lines to determine the head 
difference during the experiment which, except during treatment, measured 0.16 cm. 
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Figure 3.2. Experimental apparatus. (A) N2 sparging system; (B) & (C) Influent and 
effluent head measurement; (D) Constant head device; (E) Influent peristaltic pump; (F) 
influent and effluent well screens; (G) Sampling ports for collecting water samples; (H) 
Effluent sampling port; (I) pebbles to limit capillary rise; (J) Higher permeability sand; 
(K) lower permeability sand containing the dissolved source defined in Table 3.1. 
 
Both control (no treatment) and treatment experiments were conducted using the 
same tank.  The treatment experiment was conducted first.  The higher permeability sand 
was replaced with fresh sand before the control experiment because there was visual 
evidence that the oxidant solution caused the mobilization of fines in this layer 
(Appendix VI).  The lower permeability layer was left in place for consistency with the 
treatment experiment. Residual S2O82- was quenched with ascorbic acid (Alfa Aesar®, 
ACS 99+% 30g/L water) between experiments (Huling et al., 2011) and before re-
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initializing the tank with the dissolved MTBE and BTEX.  The design parameters for 
both tanks are summarized in Table 3.1.  
Table 3.1  
Tank Operating Parameters 
 Control 
experiment 
Treated 
experiment 
Higher permeability sand (cm/s) 6x10-2 6x10-2 
Lower permeability sand (cm/s) 8x10-5 8x10-5 
Average linear velocity from 
fluorescein tracer  (m/d) 0.41 0.41 
Untreated duration (d)  239 26 
Treatment duration (d) 0 14 
Post-treatment duration (d) 0 203 
Na2S2O8 concentration (mg/L) 0 100,000 
Initial average 
dissolved 
concentration 
in Lower K 
sand (mg/L) 
MTBE 37 41 
Benzene 12 14 
Toluene 20 26 
Ethylbenzene 7 11 
P-Xylene 7 8 
 
3.2.2 Preliminary testing. To select the treatment schedule and sampling plan for 
the 2-D tank experiment, preliminary 1-D column experiments were performed. Two 
columns (5-cm diameter x 90-cm long PVC columns) were packed with the higher and 
lower permeability sands used in the tank experiments. Both columns were prepared with 
a dissolved source similar in composition to that used in the tank experiments. A 10% 
w/w solution of Na2S2O8 was added to one column (treated column) and a 10% w/w 
sodium chloride (NaCl) solution was added to the other column (control column) to 
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simulate the effect of a higher density salt solution without the reactivity of the S2O82-. 
Water samples were collected from ports installed in the columns to track S2O82- 
diffusion and changes in hydrocarbon concentrations. Na2S2O8 was applied for 14 d 
which allowed for percent concentrations of S2O82- to diffuse 13 cm into the lower 
permeability sand. This treatment time frame is slightly longer than the average Na2S2O8 
field application (average Na2S2O8 event of 4 d (Krembs et al., 2010)) but within the 
same realm of other treatments done in the field at ISCO sites. Full results from the 
column studies can be found in Appendix IV.  The columns were useful for assessing 
vertical chemical transport, but are not as well-suited for emissions measurement because 
of their smaller surface area relative to the 2-D tank. They are also not useful for 
visualizing ISCO effects on the flow field near the higher/lower permeability interface. 
3.2.3 Tank operations. For the treated tank, effluent water was sampled daily for 
MTBE and BTEX until a pseudo-stable emission rate was established. Then the 
background water flow was replaced with a 10% w/w Na2S2O8 solution for 14 d. After 14 
d, clean N2-sparged water was again reintroduced into the tank.  Clean N2-sparged water 
was introduced continuously during the control (untreated) experiment.  
A fluorescein dye tracer test was performed to verify linear flow across the higher 
permeability layer and no flow through the lower permeability layer. The average linear 
velocity across the higher permeability sand was 0.5 m/d with a range of 0.5 to 0.6 m/d 
(Appendix I).  
After the effects of the S2O82- treatment decreased to a point where vertical 
profiles were unchanged over three months, the treated tank was flooded with an ascorbic 
acid solution (Alfa Aesar®, ACS 99+% 30g/L water) to quench any residual S2O82- 
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(Huling et al. 2011) and allow the same lower permeability layer to be used for both the 
S2O82--treated and control tests as discussed above.  
3.2.4 Sample collection and analysis. Effluent water samples were collected for 
both the control and treatment experiments either by collecting 3 mL from the effluent 
stream and diluting it into 27 mL RO water or collecting 30 mL from the effluent 
(depending on analytical requirements). For the treated tank, the effluent was sampled 
daily for the first 155 days, and thereafter every 4 days. After 155 d, larger sample 
volumes were required for detection so sampling less frequently minimized the effects of 
larger samples on the tank operation. For the control tank, the change in sampling volume 
and frequency occurred after 55 d. 
Water samples were also collected from the lower permeability sand before and 
after the S2O82- addition, 14 d after treatment (day 28), and each month after treatment. 
S2O82- and hydrocarbon concentrations were quantified to establish vertical concentration 
profiles. Samples were collected via suction created by pulling the 500 µL syringe 
plunger and holding it there until the required sample volume was collected (500 µL for 
hydrocarbon and 200 µL for S2O82- (though reported as Na2S2O8)). For the hydrocarbon 
analyses, the 500 µL sample was diluted into 30 mL of RO water. For hydrocarbon 
samples that contained S2O82-, 3 g of ascorbic acid were added to the sample vials.  
An SRI® gas chromatograph (GC) equipped with a flame ionization detector 
(FID) and a Restek MXT®-5 30 m 0.53 mm ID column was used to quantify dissolved 
hydrocarbon concentrations. The hydrogen and air flow rates to the FID were set at 25 
mL/min and 250 mL/min respectively. The helium flow through the column was 19 
mL/min. The oven temperature started at 40°C for 0.5 min then ramped at 10°C/min to 
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220°C, and was held at 220°C for 3 min.  Water samples were analyzed using a heated 
headspace analysis (EPA method 8260B) where the samples were placed upside-down in 
a 42°C constant temperature water bath. Heated headspace (500 µL) from the vials was 
then injected into the GC. The linear calibration range for samples in 40 mL VOA vials 
was between 0.005 and 10 mg/L.  After dilution, therefore, the calibration range for 500 
µL water samples collected from the lower permeability zone was 0.3 to 600 mg/L. The 
uncertainty in the lower permeability concentrations, considering sample collection and 
analysis errors, was approximately +/- 30% (Appendix I). Small sample volumes were 
collected due to both the difficulty of collecting samples from the lower permeability 
layer and the desire to minimize any advective flow in the lower permeability layer due 
to liquid extraction from this zone.  
The S2O82- concentration was quantified using the 0.01 N sodium thiosulfate 
iodometric titration method (Wahba et al., 1959). A detailed description of the titration 
method can be found in Appendix I. The concentration of S2O82- measurable using this 
method is >0.04% w/w Na2S2O8 since the dropper used measured in 0.05 ml increments 
but the error in detection is +/- 7%. The S2O82- was reported as Na2S2O8 for comparison 
of diffusion concentrations to injected concentrations. This detection limit could be 
decreased with larger sample volumes, but that was not practicable given limited water in 
the pore space and concerns about sampling-induced vertical flow in the lower 
permeability layer.  
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3.3 RESULTS/DISCUSSION  
Fluxes of the five hydrocarbons vs time for the S2O82--treated and control tank 
experiments are shown in Figure 3.3. All fluxes were normalized to their -21 d flux, 
which is about when the initial transient behavior associated with tank start-up and 
flushing of the higher permeability zone seems to be complete. Day 0 in this plot 
corresponds to the start of S2O82- delivery in the treated tank experiment. The error bars 
correspond to +/-21% based on the error associated with the sampling and analysis 
processes at the 95% confidence level. Data points with unfilled centers correspond to 
concentrations that were below the detection limit (<50 or <5 µg/L depending on the 
sampling volume). As mentioned earlier, the detection limit for the tank effluent 
concentration changed when larger sampling volumes were collected. This change 
occurred at 125 d and 25 d for the treated and control experiments, respectively.  
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Figure 3.3. Comparison of normalized emission rates from the Na2S2O8-treated and 
control tanks. Note that the detection limits (“DL”) in the treated tank experiment 
changed at 125 d by collecting larger sample volumes less frequently. T=0 d is the start 
of the 14 d Na2S2O8 treatment 
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The comparisons in Figure 3.3 show little difference between MTBE emissions 
vs. time behavior in the S2O82-–treated and control experiments, and about an order of 
magnitude reduction for the BTEX compounds.   
MTBE, BTEX, and Na2S2O8 concentration profile “snapshots” in the lower 
permeability layer at four different times are shown below in Figure 3.4; these include 
initial (post flooding) profile, 7 d before treatment (t=-7 d), 15-d post-treatment (t=29 d), 
and 118-d post-treatment.  Note that “-7 d” in the plots is 7 days before S2O82- addition, 
t=29 d is 15 d after the 14 d S2O82- addition, and t=118 d corresponds to longer term 
slowly changing conditions. These plots graph the average concentrations of samples 
collected in the lower permeability layer from the left, center, and right tank transects at 
each depth. 
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Figure 3.4. Average of transect concentration profiles for MTBE, BTEX, and Na2S2O8 in 
the lower permeability material on -21 d (initial), -7 d (pretreatment), 29 d (15 d post-
treatment), and 118 d (104 d post-treatment). Note higher/lower permeability interface is 
at approximately 62 cm. 
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The plots present the sum of the BTEX concentrations because they all responded 
similarly. A complete set of profiles for the individual compounds for all sampling events 
is located in Appendix II. Figure 3.4 shows a fairly uniform initial profile (-21 d) 
throughout the lower permeability zone for BTEX and MTBE for both the treated and 
control tank. By the -7 d, a diffusion gradient is formed in both the treated and control 
tank due to natural emission into the higher permeability zone. The profiles show little 
differences in the control tank between the -7 d, 29 d, and 118 d, and significant 
differences in the treated tank. By 29 d, there is already a notable decrease in the BTEX 
concentration in the upper 20 cm of the lower permeability layer, which also corresponds 
to the depth interval with percent range S2O82- concentrations. While there is a decrease 
seen in the MTBE concentrations, this decrease is not to the same extent as is seen in the 
BTEX concentrations for the treated tank.  
The post-treatment Na2S2O8 plots indicate declining concentration gradients and 
diffusion out of, and deeper into the lower permeability layer. The gradient from the 
lower permeability layer to the higher permeability layer is formed after the initial mass 
of S2O82- is loaded into the lower permeability layer and then the S2O82- in the higher 
permeability layer is replaced with water. At the same time, the deeper section of the 
lower permeability layer still has a lower concentration of S2O82- which causes the S2O82- 
to continue its downward diffusion. By 118 d, the S2O82- had reached the lowest sampling 
port (44 cm below the interface) and showed signs of accumulation towards the bottom of 
the tank. This demonstrates that additional treatment at deeper depths is possible even 
after the ISCO delivery phase has stopped. 
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In Figure 3.4, the concentration error bars represent +/- one standard deviation 
(span two standard deviations) from the mean of the samples from the left, center, and 
right side of the tank for each vertical sampling position. The variability between the left, 
center, and right transects are minimal for -7 d for both the control and the treated tank 
since the differences in the left, center, and right concentration profiles are due to 
increased diffusive losses upstream in the system where concentration gradients are 
greatest. The water traveling through the higher permeability layer increases in 
hydrocarbon concentration at the interface as it travels across the tank due to the 
accumulation of emissions from the interface. Thus the upward concentration gradient at 
the interface is expected to decline with distance along the flow path. The variability in 
concentration profiles across transects in the control tank increases with time as the 
different concentration gradients continue to control the rate of mass loss in each section 
of the tank. The variability seen in the treated tank may also be due, in part, to the 
concentration gradient behavior but appears to be more dominated by the differences in 
S2O82- delivery during the treatment process (see Figure 3.5).  
Figure 3.5 presents contaminant mass information for the two tanks normalized to 
their initial masses in their -7 d profiles.  The vertical bars represent the mass remaining 
in the lower permeability zones. The -7 d, 29 d, 59 d, 89 d, 118 d, 148 d, 178 d, and 218 d 
masses in the lower permeability sand were estimated by integrating the dissolved 
concentration profiles with depth for the left, center, and right side of the tank transects, 
multiplying each by 1/3 of the lower permeability interface area and its porosity, and then 
summing the three for a total mass in the lower permeability layer for a given time.  The 
masses removed by the effluent, represented by the solid lines with open markers, were 
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computed by integrating the emission rate with time and then, for consistent presentation, 
normalizing the mass lost to the mass present in the lower permeability layer on -7 d.  
The sum of the bar and line plots at each time should be unity if no reaction 
occurs though errors in sampling, analysis and losses from reaction prevents this. The 
summation of the lower permeability mass and the mass lost in the effluent is represented 
by the solid line with the filled markers. The summation of the mass in the lower 
permeability zone and in the effluent is greater than one for the MTBE and BTEX in the 
control tank and is maxed on 218 d. This is due primarily to the variability is sampled 
masses from the lower permeability region’s bottom two ports. Since this is the region of 
highest mass and its concentration is applied to 33% of the lower permeability source 
zone (due to the lower resolution of sampling ports further away from the higher/lower 
permeability interface), small changes to these values have large impacts on the overall 
mass calculated in the lower permeability region. Despite these fluctuations, Figure 3.5 
shows a strong qualitative trend of contrasting mass behaviors in the control and treated 
tank. 
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Figure 3.5. Mass tracking in tank system.  
From these figures it can be seen that less BTEX was removed from the lower 
permeability layer in the control experiment than in the treated experiment (generally 
>50% remaining for untreated case vs. <10% for the treated case).  It can also be seen 
that more mass was removed via the effluent in the control experiment (generally about 
50% removed for untreated case vs. <10% for the treated case). This suggest that the 
reduction of mass in the lower permeability layer in the treated tank was due to reaction 
and not dissolution. These data collectively suggest about 80% – 90% BTEX destruction 
resulting from S2O82- addition.   
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The MTBE data suggest some treatment resulting from S2O82- addition, but to a 
lesser degree than for the BTEX components.  The MTBE mass removed by the effluent 
was similar and about 30% for both treated and untreated conditions, while the mass 
remaining in the lower permeability layer was about 20% in the treated condition and 
60% - 70% in the control experiment.   
Due to practical difficulties in collecting small samples from the lower 
permeability layer, there is a +/-30 % error in hydrocarbon concentrations associated with 
the sampling and analysis process. When compounded in a mass integration calculation, 
the error associated with the lower permeability layer mass estimates is +/-28%.  The 
calculated mass difference for the BTEX chemicals between the treated and control 
conditions is greater than the error after 29 d, with increasing confidence in statistical 
differentiation with subsequent sampling events. However, for MTBE, the difference 
between the treated and control tank is not greater than the error associated with sampling 
until 148 d. This suggests that the S2O82- reaction with MTBE was much slower and/or 
less efficient than for the BTEX compounds.    
Figure 3.6 shows the mass of Na2S2O8 in the left, center, and right side of the tank 
with time estimated the same way as the hydrocarbon mass in the lower permeability 
region (through integrating the profiles plots). 
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Figure 3.6. Mass of persulfate in lower permeability region after initial treatment.  
There are differences in S2O82- masses delivered to the left, center, and right 
sections of the tank during loading as shown in Figure 3.6. Almost twice as much S2O82- 
was delivered in the center section of the tank than to the left hand side. Five times 
greater S2O82- mass was delivered to the left section vs. the right section. The 14 d 
profiles at the left transect (Appendix II with all profiles shown) match well with 
theoretical diffusion-based predictions, while the center transect profile suggests 
advective migration for about 6 cm and then diffusive migration beyond that. An 
important things to note is that there was a sharp decline in S2O82- mass in the system 
from 14 d to 29 d but then the decrease was minimal after that suggesting that the 
majority of the treatment occurred before 29 d. Figure 3.5, on the other hand, shows 
strong continual decrease in BTEX mass for the two months following treatment 
suggesting that the S2O82- mass remaining after 29 d was providing additional treatment. 
Density-driven flow is a possibility with a local increased permeability variation 
given that the 10% w/w Na2S2O8 solution has a density of 1.11 g/ml. As the Na2 and 
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S2O82- flushes the water out of the higher permeability region, there is a period of time 
where the left half of the tank contains the Na22+ and S2O82- while the right side contains 
water. This can cause a lateral variation in pressure at the interface between the higher 
and lower permeability sand which could cause the density driven flow down into the 
lower permeability region. As the Na22+ and S2O82- moves into the lower permeability 
region, the solution will displace water from the lower permeability region down gradient 
of the Na22+ and S2O82- front (Figure 3.7). The extent to which this will happen is 
dependent on the hydraulic conductivity of the soil. While under water-only conditions 
there is likely to be no significant flow through the lower permeability region when there 
is a three orders of magnitude difference in hydraulic conductivity between the two soils, 
the conditions change when two different density solutions exert different pressures 
across the interface.  
 
Figure 3.7. Pressure difference caused by change in flow density resulting in flow through 
lower permeability layer.  
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The lower mass diffused in the right side of the tank is consistent with the 
hypothesis that there was density driven advective flow occurring in the center of the tank 
since the displaced liquid would hinder the diffusion in another location. Had the S2O82- 
mass delivery process been the result of diffusion only, it would be expected that the 
mass of S2O82- delivered to the lower conductivity layer transects would decrease from 
left to right across the tank, as S2O82- concentration at the interface would decrease with 
distance downgradient.  
The simplified equation for the vertical velocity of the persulfate traveling into the 
lower permeability region due to the pressure difference caused by the density difference 
between the upstream and downstream fluid is: B = CD ∗ ∆EEFGH#I ∗ J∆K where B (cm/s) is the 
vertical velocity, K (cm/s) is the hydraulic conductivity, L (mL water/mL total) is the 
porosity, MNOP (1 g/mL) is the density of water, ∆M (0.11 g/mL) is the density difference 
between the Na2S2O8 and water, T (cm) is the thickness of the Na22+ and S2O82- solution 
in the higher permeability layer, and ∆Q (cm) is the flow path of the water as it is 
displaced by the persulfate. Regardless of the J∆K value (assuming a range of 0.01-1), for a ∆M of 0.11 g/ml and a duration of 2 d, the distance at which the density driven advective 
flow will travel is relatively insignificant (centimeters) for K≤1*10-4 cm/s as opposed to 
tens of centimeters for K=1*10-3 cm/s and hundreds of centimeters for K=1*10-2 cm/s. 
See Appendix VII for more details. 
The left transect shows diffusion-dominated transport of S2O82- into a lower 
permeability layer. The center transect shows possible advective density difference-
driven transport of S2O82- that is greater than diffusion alone, and the right transect shows 
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less mass delivery simply because of decreasing oxidant concentrations along the flow 
path. The right transect behavior also suggests that S2O82- will diffuse laterally from 
lower permeability layer regions having higher initial mass delivery to areas having less 
initial mass delivery after the treatment stage ends. This is seen in the increase in mass in 
the right side after 59 d (Figure 3.6).   See Appendix VII for additional analyses used to 
assess these delivery mechanisms.  
The 59 d concentration profiles seen in the control experiment lower permeability 
layer were used to estimate the diffusion coefficients for MTBE and BTEX (Table 3.2). 
The diffusion coefficients were calculated two ways. The first was by determining the 
concentration gradient to the interface from data (∆C/∆L) and dividing this into the 
emission flux at t=59 d ( = RS∆K∆T ).  
The second method used to calculate	 was using the expression:  U =
V#$$∗TW
 X∗"#$$∗H(%FYZ[\∗]^
= _√ , where J (mg/cm2/s) is the  flux, t (s) is the time, a is the initial 
dissolved concentration (mg/cm3), LN is the porosity (0.34 cm3-pores/cm3-soil), bcd ∗ Me 
is the sorbtion (=0.63*baN ∗ foc (Karichhoff et al. 1979)), baN is the octanol-water 
partitioning coefficient ((mol/L octanol)/(mol/L water)) (values obtained from 
Schwarzenbach et al. (1993) and Ames and Grulke (1995)),	Me  is the soil bulk density 
(assumed to be 1.7 g soil/cm3), and foc of 0.004 g organic carbon/g soil. The h is a 
constant that is adjusted to best fit the data by least-squares analysis; in theory, it depends 
on the effective diffusion coefficient, porosity, and sorption coefficient for each chemical 
in the case of a dissolved source (Clifton et al. 2014). The control experiment’s flux vs. 
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time data was used to solve for h and the h was used to calculate . The two 
calculated effective diffusion coefficients with a comparison to published values and 
estimated values using the Hayduk and Laudie method (USEPA 2013) are shown in 
Table 3.2.   
Table 3.2  
Effective Diffusion Coefficients Estimated from Flux and Concentration Gradient Data 
Adjusted for Porosity 
 Diffusion coefficient in water (cm2/s) 
 Calculated 
from tank 
(59 d)  
Calculated 
from tank flux 
Hayduk and 
Laudie estimation 
(1 ATM, 25ºC)(1) 
Literature 
MTBE 6.3 x10-6 7.0 x10-6 2.1 x10-6 1.9-2.0 x10-6 (2,3,4) 
Benzene 1.0 x10-5 5.3 x10-6 2.4 x10-6 2.4-2.9 x10-6 (2,5) 
Toluene 9.2 x10-6 1.9 x10-6 2.2 x10-6 2.3 x10-6 (2) 
Ethylbenzene 8.9 x10-6 6.9 x10-7 2.0 x10-6 2.2 x10-6 (2) 
P-Xylene 8.4 x10-6 6.0 x10-7 2.0 x10-6 1.9 x10-6 (2) 
1) USEPA, 2013 2) Yaws, 2010 3) Cho et al., 1997 4) Baus et al., 2005 5) Banat and 
Simandl, 1996  
 
An estimate of the grams of S2O82- utilized per gram of hydrocarbon removed can 
be calculated a few different ways, including the following: 
 
• Using the hydrocarbon mass disappearance from the lower permeability 
layer between -7 d and 218 d in the control and S2O82--treated experiments 
(Figure 3.5); the mass lost by reaction can be calculated as the difference 
between the two (control – treated = 0.63 g). This assumes similar mass 
loss by emission to the effluent from the lower permeability layer in both 
experiments, which is unlikely to be true given lower concentration 
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gradients at the interface in the treated experiments (see Figure 3.4 above); 
thus, this approach will underestimate hydrocarbon mass loss by reaction. 
 
•  Using the hydrocarbon mass disappearance from the lower permeability 
layer between -7 d and 218 d in the S2O82--treated experiment and 
subtracting the mass loss in the effluent over that time period from the 
treated experiment (= 0.73 g).  This assumes insignificant mass loss by 
reaction in the higher permeability unit, which depends on the kinetics of 
any reactions. Given that the average duration of emitted chemicals in the 
higher permeability zone is about a day, and the S2O82- reaction half-life is 
probably greater than a day (or it would not have penetrated far into the 
lower permeability zone and persisted for weeks), this might be a 
reasonable assumption. 
 
• Mass of S2O82- used in the reaction is calculated by the differences in mass 
in the lower permeability layer over the time period of interest (79 g 
S2O82- Figure 3.6). The estimated S2O82- utilized by reaction is arguably 
biased to be greater than that actually used for reaction because the 
calculation assumes all S2O82- mass changed through reaction. This 
neglects S2O82- loss via back-diffusion and removal in the effluent, which 
was not quantified because S2O82- concentrations in the effluent were too 
low to accurately quantify in these experiments. 
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 The results of these analyses are 125 g S2O82-/g hydrocarbon (+/-38%) and 108 g 
S2O82-/g hydrocarbon (+/-30%). Both estimates are more than three times the theoretical 
efficiency of Na2S2O8 to benzene ratio of 37 g S2O82-/g benzene but are similar to results 
published in Sra et al. 2013 (120-340 g S2O82-/g benzene).  
One way of evaluating the effectiveness of treatment is by estimating the time it 
would take for a system to reach the treated systems flux reduction through natural 
processes. This was done by normalizing the flux vs. time data from the control tank to fit 
the expression  U = _√ , where J is the normalized flux, t (s) is the time, and h is a 
constant that is adjusted to best fit the data by least-squares analysis; in theory, it depends 
on the effective diffusion coefficient, porosity, and sorption coefficient for each chemical 
in the case of a dissolved source (Clifton et al. 2014). Normalized flux data from the final 
16 d of the treated tank experiment (223-239 d) were averaged, and then that value was 
reduced by the percent reduction measured between the treated and control tank. This 
adjusted J was used in the equation above to calculate the time required to achieve that 
same normalized flux under untreated conditions (Table 3.3).  The fitting equation being 
used to project the time needed derives from analytical solutions for infinitely thick 
sources, so this approach is biased toward projecting longer times than would be needed 
for more realistic finite thickness sources.  Table 3.3 shows that for many of the 
chemicals, the 14-d treatment resulted in a normalized flux reduction that would be 
reached only after 100’s to 10,000’s of years of untreated conditions.   
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Table 3.3 
Time to Reach Flux Reductions from Treatment Assuming Only Natural Dissolution and 
that J is Independent of ∆L 
Compound normalized flux 
value in treated 
tank at end of 
experiment *  
Best fit for 
normalized flux 
vs. time data from 
untreated 
experiment 
R2 Time to reach % 
reduction for 
untreated conditions 
(y) ** 
MTBE 0.084 838*t-0.5 0.65 4 +/-1 
Benzene 0.009 788*t-0.5 0.74 200 +/-40 
Toluene 0.005 732*t-0.5 0.75 2,300 +/- 600 
Ethylbenzene ≤0.005 723*t-0.5 0.73 17,000 +/- 5,400 
P-Xylene ≤0.007 716*t-0.5 0.74 13,000 +/-3,900 
* Normalized flux in treated tank averaged from final 16 d of results. At this time, 
ethylbenzene and p-xylene are at or below the detection limit 
** Errors based on +/- one standard deviation from the emission rates averaged from days 
223-239. 
 
In the dissolved tank experiment discussed above, emissions rebound did not 
occur because nearly the entire source was removed through treatment (see Figure 3.5). 
Had a source remained below the clean zone, the emission rate would have increased 
gradually over time until it reached a peak, and then would have proceeded to slowly 
decline with time.  The peak emission rate would be lower than the pre-treatment value as 
the overall diffusion distance would be larger and the concentration gradient would be 
lower than pre-treatment conditions. This means that the true effect of treatment could 
not be evaluated until after the rebound had occurred.  To estimate the monitoring time 
required at a site to assess this rebound, a simple one-dimensional transport equation 
solution was used; it is based on a finite source of thickness from depths L to L+w below 
a zero concentration boundary (Jury et al., 1990). 
U =  ∗ 69i∗ ∗ Vjk∗lm ∗ n1 − 6o(pYF)m!∗"j∗H q −  ∗ 69i∗ ∗ Vjk∗lm ∗ [1 − 6 opm!∗"j∗H]  
(t, 0) = 0	uvw	0 < t < Q 
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(t, 0) = a	uvw	Q < t < Q + y (t, 0) = 0	uvw	t > Q + y 
 Where J is the flux from the lower permeability layer to the higher permeability 
layer (g/cm2/d),  is the source concentration (g/cm3), 69i∗is the decay function, t is the 
time (d), {is the effective diffusion coefficient accounting for sorption and assuming no 
vapor phase for this system (cm2/d), w is the thickness of the contaminated zone (cm), 
and L is the thickness of the clean zone added (cm) (Jury et al., 1990). 
 For the conditions of this work (initial concentrations, foc, literature diffusion 
coefficient, octanol water coefficients from Schwarzenbach et al. (1993), Ames and 
Grulke (1995) and Karichhoff et al. (1979), etc.), the rebound across a 60 cm thick clean 
zone overlying a dissolved source of MTBE and BTEX is shown in Figure 3.8. The 
thickness of the dissolved source zone (w) was selected such that over 1000+ years there 
was no effect on flux due to the source zone mass decreasing (a) (w=1,000 m). The 
calculated maximum rebound flux, the time at which this maximum would occur and the 
time to 50% of the maximum rebound flux is shown in Table 3.4 for the condition of a 60 
cm thick clean zone above the source and also for a 10 cm, 20 cm, 40 cm, and 80 cm 
thick clean zone. By adjusting the factors involved, it seems like the largest contributor to 
the length of time to rebound is the sorption to the soil (the retardation of the diffusion 
front).  
 Figure 3.8 and Table 3.4 both show that the systems will be slow to rebound after 
treatment suggesting that long-term site monitoring (10’s to 100’s of years from a 60 cm 
thick clean zone) may be required to determine the true effects of interface treatment. 
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Table 3.4 also shows that the time to rebound is dependent on the thickness of the clean 
zone created. 
 
 
Figure 3.8. Rebound of flux from a dissolved source after a 60 cm thick clean zone is 
added above it.  
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Table 3.4 
Maximum Flux Rebound after a 10 cm, 20 cm, 40 cm, 60 cm, and 80 cm Thick Clean 
Zone is Placed above a Dissolved Source, Time to Maximum Rebound, and Time to 50% 
Rebound  
 MTBE Benzene Toluene Ethylbenzene P-Xylene 
Rebound flux for 10 cm thick 
zone (g/cm2/d) 1.9E-7 4.5E-8 1.9E-8 2.3E-9 1.8E-9 
Time to reach new max 
emission after treatment (y) 1 2 7 20 24 
Time to 50% max rebound (y) 0.4 0.6 2 5 7 
Rebound flux for 20 cm thick 
zone (g/cm2/d) 9.4E-8 2.2E-8 9.3E-9 1.1E-9 9.2E-10 
Time to reach new max 
emission after treatment (y) 5 9 28 78 96 
Time to 50% max rebound (y) 1 2 8 21 26 
Rebound flux for 40 cm thick 
zone (g/cm2/d) 4.7E-8 1.1E-8 4.7E-9 5.7E-10 4.6E-10 
Time to reach new max 
emission after treatment (y) 21 36 112 314 389 
Time to 50% max rebound (y) 6 10 31 85 105 
Rebound flux for 60 cm thick 
zone (g/cm2/d) 3.1E-8 7.4E-9 3.1E-9 3.8E-10 3.1E-10 
Time to reach new max 
emission after treatment (y) 52 96 252 767 890 
Time to 50% max rebound (y) 13 22 69 190 237 
Rebound flux for 80 cm thick 
zone (g/cm2/d) 2.4E-8 5.6E-9 2.3E-9 2.8E-10 2.3E-10 
Time to reach new max 
emission after treatment (y) 83 142 466 1260 1549 
Time to 50% max rebound (y) 23 38 123 338 421 
 
3.4 CONCLUSION 
The experimental conditions utilized in this work are simplified relative to field 
conditions; for example, the soils used were clean silica sands with minimal organic 
matter, the source was a dissolved source with no NAPL present, and an ideal layered 
geometry with high permeability contrast was used. While we do not know if real field 
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conditions might lead to different conclusions, the following are important outcomes of 
this work, and might be relevant to field conditions: 
• A lingering long-term contaminant diffusive emission can occur from 
lower permeability layers containing only dissolved sources.  This is 
consistent with work previously published (Mutch et al., 1993; Liu and 
Ball, 2002; Parker et al., 2008; Schaefer et al., 2013). 
• Given sufficient treatment time and concentration, significant emission 
reduction from dissolved sources may be feasible through use of ISCO. 
• A slowly reacting oxidant like S2O82- can be delivered via diffusion to 
lower permeability zones, and penetration distances on the order of 10’s of 
cm are possible with two weeks of oxidant presence at the high/low 
permeability interface. 
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CHAPTER 4 
INTERFACE TREATMENT OF A LIGHT NON-AQUEOUS PHASE LIQUID 
(LNAPL)-IMPACTED LOWER PERMEABILITY LAYER USING SODIUM 
PERSULFATE TO REDUCE EMISSIONS TO GROUNDWATER 
 
4.1 INTRODUCTION 
Current remediation methods concentrate on the removal of contamination from 
the more transmissive zones in an aquifer. This is due to the reliance on the passage of 
liquid or gas through the target treatment zone. In the case of a non-aqueous phase liquid 
(NAPL) source, the NAPL must first partition from the NAPL phase to either the vapor 
or dissolved phase to then be remediated through either flushing, bioremediation, or 
chemical oxidation. When NAPL-impacted layers of varied permeability are present, the 
higher permeability layers will be preferentially treated and the lower permeability layers 
will be treated more slowly.  In the case of the latter, contaminants must partition from 
the NAPL phase to the liquid phase and migrate by diffusion to the more permeable 
layers and/or reactants must diffuse from the higher to lower permeability layers. Once 
the more permeable layers have been remediated or naturally depleted, emissions from 
the lower permeability layers can be long-term sources of groundwater impact (Gillham 
et al., 1984; Johnson et al., 1989; Brown and Thomas, 1998; Liu and Ball, 2002).  
A few studies have looked at the destruction of contaminants in lower 
permeability layers via delivery of reactants through the adjacent higher permeability 
layers and subsequent diffusion into the lower permeability layers. Most have involved 
either biostimulation (Stroo et al., 2012; Clifton et al., 2014) or permanganate (Siegrist et 
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al., 1999; Struse et al., 2002; Honning et al., 2007; Marble et al., 2010; Chokejaroenrat et 
al., 2013) diffusion into either dissolved or NAPL sources in lower permeability regions 
or fractured bedrock. The permanganate treatment studies showed promise, but there 
were limitations to the distance permanganate could diffuse into the lower permeability 
layer due to oxidant consumption.  For example, the penetration was about 1.2 cm in 20 
days according to Honning et al. (2007). Clifton et al. (2014) observed the same 
limitation with dissolved oxygen (DO) treatment of a NAPL-impacted low permeability 
layer. In those studies, benzene emissions were reduced by 64-79% and 90-94% when the 
influent DO was increased to 6-8 mg/L and 18-20 mg/L respectively, but limited overall 
source mass reduction happened over about 140 days due to the large mass of 
hydrocarbon in the source zone (Clifton et al., 2014). 
The results from Chapter 3 showed that 14-d delivery of non-activated sodium 
persulfate (Na2S2O8) into a high permeability layer resulted in diffusion of 0.2 g S2O82-
/cm2 across the higher/lower permeability interface to about 10 cm into the lower 
permeability layer containing a dissolved hydrocarbon source.  Furthermore, the S2O82- 
mass delivered was sufficient to remove nearly all of the 38 mg/L BTEX in the 60 cm 
thick lower permeability region over about 209 days with the majority of treatment 
occurring within 2 weeks of oxidant delivery. The efficiency of this reaction was 
calculated to be about 108-128 g S2O82-/g hydrocarbon.   
While sufficient for treatment of a dissolved source, the same level of S2O82- 
delivery is not expected to result in significant mass removal in a NAPL-impacted lower 
permeability layer.  For example, in the study discussed below, approximately 100 g of 
NAPL was contained in a lower permeability layer; this would require about 10,800-
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12,800 g of S2O82- for treatment (according to the efficiency observed in Chapter 3), or 
roughly 75-80 times the amount delivered in 14 d in the experiment discussed in the 
previous chapter.  
In the Clifton et al. (2014) study, the oxidant efficiency was 3 g-O2/g-hydrocarbon 
which is typical for hydrocarbon aerobic bioremediation. While more efficient than 
S2O82- reactions, the maximum concentration of DO that can be delivered through the 
higher permeability zone is about 40 mg O2/L water (assuming pure oxygen is sparged 
into the water). S2O82-, on the other hand, has an order of magnitude greater solubility 
(550 g S2O82-/L water).  By comparing the ratio of each oxidant‘s solubility/efficiency, it 
can be seen that Na2S2O8 may be more favorable to treatment of a NAPL source in a 
lower permeability region than elevated DO (0.040/3 = 0.013 g-contaminant/L-oxidant 
solution for O2 vs. 550/120 = 4.6 g-contaminant/L- Na2S2O8) 
In the dissolved scenario experiment, the goal was to deliver Na2S2O8 to a 
sufficient depth such that the dissolved source could be remediated, or about 100 g S2O82. 
For NAPL-impacted soil, the goal is instead to deliver sufficient Na2S2O8 to the lower 
permeability region to reduce NAPL concentration near the interface to a point where the 
contaminant emission rate drop to an acceptable level. If a reduced NAPL zone near the 
interface can be created by treatment, a long-term emission reduction from the lower 
permeability region to the groundwater may be achieved. This concept is illustrated in 
Figure 4.1. 
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Figure 4.1. Conceptual model of treatment process and impact on contaminant emission.  
 
The lessons learned from both Chapter 3 and Clifton et al. (2014) were used to 
design the S2O82- treatment of a LNAPL source in a lower permeability region. Na2S2O8 
was used because of its high solubility, benign byproducts, and ability to react with the 
chemicals of concern (benzene in particular).  
This experiment differed from that in Chapter 3 as an activator (NaOH) was 
delivered before or after the Na2S2O8 to focus the reaction of the S2O82- near the interface, 
similar to what was accomplished in Clifton et al. (2014).    
 
4.2 METHODS 
4.2.1 Experimental overview. To evaluate if a depleted zone could be formed 
and result in a sustained emission reduction from a NAPL-impacted lower permeability 
layer, an idealized two soil layer, two-dimensional tank study was performed. Two tanks 
were created: the control tank and the treated tank. The control tank data were generated 
by Wilson (Wilson, 2014) with similar design and operation as the treated tank.  
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Approximately three-orders of magnitude difference in permeability was 
measured between the two sands used in the tank study with the lower permeability sand 
on the bottom and the higher permeability sand on top. The top 10 cm of the lower 
permeability sand contained a NAPL composed of methyl tert-butyl ether (MTBE), 
benzene, toluene, ethylbenzene, p and o-xylene, n-propylbenzene, and 1,3,5 
trimethylbenzene (1,3,5 TMB) mixed in octane.  Octane was used as a base to mix in the 
other chemicals due to its lower solubility, which then results in chemical-specific source 
release similar to that of a petroleum mixture like gasoline.  
The dissolved concentration measured from the water that flowed through the 
higher permeability region and the flow rate from the tank were used to calculate the flux 
from the lower to the higher permeability zone.  
After one month of operation under water flow without oxidant, a series of 
treatments were performed in the treated tank starting with 13 d of 10% w/w Na2S2O8 
delivery followed by 28 d of 19 g/L NaOH delivery then another 14 d of 10% w/w 
Na2S2O8 delivery. The delivery durations were selected in real-time by following the 
diffusion of the reactants and ensuring that the S2O82- or OH- diffused 8-10 cm into the 
lower permeability region.  The concentrations in the lower permeability zone were 
monitored by collecting water samples from ports drilled through the front window of the 
tank.  
Once a new steady state emission rate was measured (approximately two months 
after treatment), another series of treatments were performed.  These consisted of 14 d of 
19 g/L NaOH delivery followed by 14 d of 10% w/w Na2S2O8 delivery.  Again, the 
  99 
delivery times were selected based on concentrations in water samples collected from 8-
10 cm into the lower permeability region.  
Before and after treatment, dissolved hydrocarbon, S2O82- (reported as Na2S2O8), 
pH, and sulfate (SO42-) concentrations were measured in samples collected from the 
lower permeability sampling ports to determine the extent of oxidant/activator delivery 
and the effects of treatment on the dissolved concentrations. Pre- and post-experiment 
soil samples were collected to determine the effects of the treatments on NAPL 
concentration and composition in the soil.  
4.2.2 Experimental design. The stainless steel tanks used for both the control and 
treated experiments shown in Figure 4.2 are 122-cm tall, 122-cm wide, and 5-cm thick. 
One side of each tank has a window installed to verify soil packing, placement of NAPL-
impacted soil, the flow field, and any effects on the system due to treatment. Sampling 
ports were installed in the window to allow liquid samples to be collected both in the 
higher and lower permeability regions throughout the experiment. The sampling ports 
were Swagelok® ¼ in fittings sealed with Septa Thermolite® Shimadzu Plugs.  
The tank was packed in four layers. A top layer of pebbles was used to break the 
capillary rise in the system. The layer below that was the higher permeability sand 
(Quikrete® 50 lb Play Sand® 99-99.9% by weight crystalline silica retained in 50 mesh 
sieve). This sand has a hydraulic conductivity of 6 x 10-2 cm/s, a porosity of 0.37 cm3-
pores/cm3-soil, and a low organic carbon content (fraction of organic carbon (foc)=0.005 
g-organic carbon/g-soil). The next two layers were a lower permeability sand (20% w/w 
200 mesh silica sand and 80% w/w 120 mesh feldspar sand) with a hydraulic 
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conductivity of 8 x 10-5 cm/sec, a porosity of 0.34 cm3-pores/cm3-soil, and an foc of 0.004 
g-organic carbon/g-soil.  
 
 
Figure 4.2. Physical model tank. (A) N2 sparging system; (B) & (C) Influent and effluent 
head measurement; (D) Constant head device; (E) Influent peristaltic pump; (F) Influent 
and effluent well screens; (G) Sampling ports for collecting water samples; (H) Effluent 
sampling port; (I) Pebbles to limit capillary rise; (J) Higher permeability sand; (K) Lower 
permeability sand containing the NAPL source defined in Table 4.1. 
 
The top 10 cm of this lower permeability sand was mixed with the LNAPL 
mixture of composition defined in Table 4.1. The sand/LNAPL mixture was created by 
mixing 19.44 kg of the lower permeability sand with 298 mL of the NAPL mixture 
described in Table 4.1. The mixing was performed by placing the sand and NAPL into a 
metal cement mixer. The mixer’s open end was covered with aluminum foil secured with 
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a wire to minimize volatile losses during mixing. The soil was mixed for 30 min with 
periodic tamping of the sides to minimize NAPL sticking to the sides.  
Table 4.1  
NAPL Mixture 
 
Mass Fraction in NAPL 
Mixture Before Mixing 
in Soil 
(gi/gtotal) 
 
 
Initial Soil Concentration 
* (mgi/kgsoil) 
Soil Concentrations 
Adjusted for Loss 
Estimated During 
Packing 
(mgi/kgsoil)** 
Target 
**** 
Control 
*** 
Treated Control *** Treated Control 
*** 
Treated 
MTBE  0.018 0.021 0.022 160 +/-12 160 +/-13 1 1 
Benzene 0.008 0.013 0.013 100 +/-4 100 +/-14 60 70 
Toluene 0.055 0.085 0.081 670 +/-34 600 +/-84 504 490 
N-Octane 0.344 0.462 0.51 3600 +/-200 3800 +/-460 2775 2700 
Ethylbenzene 0.096 0.094 0.083 730 +/-20 620 +/-65 616 530 
P-Xylene 0.096 0.090 0.086 700 +/-11 640 +/-66 594 540 
O-Xylene 0.096 0.099 0.088 770 +/-9 650 +/-60 646 550 
N-Propylbenzene 0.084 0.091 0.077 710 +/-12 570 +/-38 606 490 
135 TMB 0.041 0.047 0.041 370 +/-17 310 +/- 21 322 250 
Total 1 1 1 7800 +/-320 7400 +/-730 6100 5600 
*Values measured from sand remaining after the packing process. Estimates 
concentration after volatile losses during packing. 
**Values based off percent losses from a tank that was packed, flooded and then 
disassembled after 1 week of flow (See Appendix VI). 
***Data provided by Wilson (2014) 
**** (Johnson et al., 1990) 
 
After mixing, the sand was placed in aluminum buckets with sealed lids and 
transported directly to the tank. The clean bottom section of the lower permeability sand 
(no NAPL) was in place so that the NAPL-containing sand could be added directly after 
mixing. The NAPL-containing sand was packed to a thickness of about 10 cm through 
vibrating the sand and compressing from on top. Then the higher permeability sand and 
pebble layers were added on top. The lid to the tank was then bolted on. At this time, soil 
samples were collected from the remaining sand in a bucket that was intentionally left 
  102 
open during this process. This provided an estimate of the NAPL concentration and 
composition inside the tank (initial soil concentration in Table 4.1). The sand that 
remained in the buckets after packing was weighed to give an estimate of the sand packed 
in the tank. About14.1 kg of NAPL-containing sand was added to the control tank 
(Wilson, 2014) and about 13.6 kg to the treated tank.  Some sand was lost due to spilling 
and was not accounted in this calculation, but the losses were minimal. Assuming 
perfectly mixed sand, hydrocarbon losses from sand and tank were equal to losses from 
the bucket, and that no sand loss during the packing process, the estimated mass of NAPL 
added to the control and treatment tanks were 110 +/- 5 g (Wilson 2014) and 100 +/-10 g, 
respectively. This is likely an overestimation of the NAPL mass in the lower permeability 
soil at the start of the experiment because it does not account for losses during the 
flooding process or additional volatile losses due to poring of the sand into the tank but it 
provides an approximate initial NAPL mass for the systems. 
The tank was then flooded with water from the bottom ports upward until the 
lower permeability region was water saturated. Water flow was then delivered to the 
higher permeability zone via lateral flow from the distributor screens at either side of the 
tank (items F in Figure 4.2). This was done to minimize the volume of water that was 
flushed through the NAPL region. Even with these precautions, a majority of the MTBE 
mass in the NAPL was flushed out of the NAPL during the flooding process. Losses due 
to packing and flooding were estimated and applied in the adjusted NAPL concentrations 
(Table 4.1). The estimates were obtained from a tank that was constructed in the same 
way as the experimental tanks. This tank was disassembled a week into operation and soil 
samples were collected and analyzed for hydrocarbons. The differences between those 
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concentrations and the bucket concentrations at the end of packing were used to estimate 
the soil concentrations in the treated tank experiment, using the known bucket 
concentrations from that packing process. For more information on the tank that was in 
operation for a week, see Appendix VI.  
The water used in the experiment was reverse osmosis (RO) water that was 
nitrogen-sparged to maintain the dissolved oxygen (DO) concentration below 1 mg/L. 
This minimized the potential for aerobic biodegradation. Horizontal flow was introduced 
through Geoprobe® stainless steel screen vapor/groundwater sampling implants (53 cm 
long x 1.3-cm diameter) located on the influent and effluent sides of the tank. The 
influent water was delivered by a peristaltic pump. An overflow device maintained a 
constant effluent head. The head drop across the sand remained constant at 0.16 cm 
except during treatments. Both the control (Wilson, 2014) and the treated tank were 
constructed and operated nearly identically. 
4.2.3 Treatment design. The half-life of Na2S2O8 ranges between 0.15-700 d, 
depending on the activation method used, soil type, and presence of contaminant 
(SERDP, 2011), suggesting that controlling when and where it is activated may allow for 
greater targeted S2O82- utilization for hydrocarbon destruction. Preliminary 1-D column 
experiments (7.6-cm diameter, 100-cm long) with a 10-cm thick NAPL source in a lower 
permeability soil were performed to evaluate if S2O82- and OH- could diffuse into this 
NAPL source region. The results of these preliminary experiments are presented in 
Appendix V. The main conclusions from the 1-D column tests were that S2O82- diffused 
into the NAPL region without being completely reacted, a pre-mixed S2O82-/NaOH 
mixture (16 g NaOH/L water in 10% w/w Na2S2O8) did not increase the pH in the lower 
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permeability region to the target pH>10, and the NAPL reduction was minimal. This led 
to the design of a treatment strategy involving sequential delivery of oxidant and 
activator.  This sequential strategy also minimizes oxidant reaction and loss in the higher 
permeability zone during delivery.  
Base activation was used since it can be applied at high concentrations to drive 
the diffusion into the lower permeability layer, the NaOH is transported similar to the 
water, and it could be controlled in the two dimensional tank.  Other activation options 
were considered, such as use of Fe(II) and heat, but preliminary column tests suggested 
that stabilized Fe(II) would not travel the 1.2 m across the tank at a flow velocity of 0.3 
m/d without extensive pore flush volumes (Appendix IX), and heat activation was not 
easily incorporated into the experimental design.  
The sequence of treatment activities selected for the tank experiments is 
illustrated in Figure 4.3. First, a 10% w/w Na2S2O8 solution was delivered to the higher 
permeability zone; the Na2S2O8 was delivered until S2O82- was detected below the NAPL 
region (to insure high concentrations near the interface). The 10% w/w Na2S2O8 
concentration was selected based on Krembs (2008), who identified that field scale 
applications use between 5 and 33.5% Na2S2O8 solutions.  Then a 19 g/L-H2O NaOH 
solution was delivered to the higher permeability zone.  
 
  105 
 
Figure 4.3. Treatment process and duration of each treatment in the tank. 
Base activation was accomplished by pumping a 19 g of NaOH/L-H2O solution 
through the higher permeability layer and allowing the OH- to diffuse into the lower 
permeability layer. The 19 g NaOH/L-H2O solution resulted in a sustained pH increase in 
the higher permeability zone to pH>13. After 28 d of NaOH solution delivery, the top 8 
cm of the NAPL region was at pH >12. At this point, the emission data and the water 
samples from the lower permeability layer showed minimal effect of the residual S2O82- 
in the system, so a second delivery of 10% w/w Na2S2O8 solution was started and 
maintained for 14 d.  
As the lower permeability region had the elevated pH, it caused activation of the 
S2O82- as it diffused into this zone. This likely increased the mass of S2O82- delivered to 
the lower permeability region by maintaining a high concentration gradient between the 
higher and lower permeability regions.  
After the second Na2S2O8 treatment, the emission decline and rebound were 
monitored. Once the system had reached slowly variation emissions, another treatment 
cycle was started.  The time between the end of first treatment and beginning of next 
treatment was 73 d. In this second treatment, the 19 g NaOH/L-H2O solution was 
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delivered for 14 d followed by a delivery of the 10% w/w Na2S2O8 solution for 14 d. As 
mentioned above, adding the NaOH first was believed to result in a greater mass of 
S2O82- delivered near the interface which was the goal. The minimal buffering capacity of 
the soil and lack of S2O82-, led to pH increases of 9<pH<13 8 cm into the NAPL region 
after 14 d, or about half the time as the first treatment.  
4.2.4 Sample collection and analysis methods. Effluent samples were collected 
every 1 - 4 d from both the treated and control tank. During the initial phase of the 
experiments, 3 mL samples were collected and diluted into 27 mL RO water. Once 
concentrations began to decrease, 30 mL samples from the effluent were collected into 40 
mL volatile organic analysis (VOA) vials. The VOA vials were inverted in a water bath 
held constant at 42°C prior to analysis. 
Heated headspace analysis (USEPA method 8260B) on an SRI gas 
chromatograph (GC) flame ionization detector (FID) system using a Restek MXT®-5 30 
m 0.53 mm ID column was used to quantify the water concentrations. The hydrogen and 
air flow rates for the FID were set at 25 mL/min and 250 mL/min, respectively, while the 
helium carrier gas flow through the column was 19 mL/min. The GC oven temperature 
profile was set at 40°C for 0.5 min, then ramped at 10°C/min up to 220°C and held 
constant at this temperature for 3 min. Headspace from the VOA vial (500 µL) was 
injected into the GC. The calibration range for this method was 0.005-10 mg/L-H2O for 
concentrations in the water in VOA vial.  When samples were projected to have higher 
concentrations than this, they were diluted (for example, by putting 3 mL of sample in 27 
mL of H2O) and the results multiplied by the dilution factor (total volume of solution in 
the VAO vial/volume of sample added to the diluted VOA via). The error associated with 
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the effluent sample concentration determination was +/-16% assuming a 95% confidence 
interval. 
Water samples from the lower permeability layer were collected through the 
sampling ports, and then analyzed for hydrocarbons, S2O82- (reported as Na2S2O8), pH, 
and SO42- concentrations.  This was accomplished by pulling a 500 µL syringe plunger 
out to create suction until the required volume was collected. Five hundred microliters 
was collected and diluted into 30 mL of RO water for hydrocarbon samples, 100 µL was 
collected and diluted into 10 mL water for SO42- samples, and 200 µL was collected for 
S2O82-. For samples that contained S2O82-, 3 g of ascorbic acid was added to the 30 mL of 
water prior to adding the sample for hydrocarbon analysis. This was done to quench the 
S2O82- so as not to affect the hydrocarbon concentration after collection (Huling et al., 
2011). The hydrocarbon samples were then analyzed using the same method as the 
effluent samples mentioned above. The error from collecting and analyzing the lower 
permeability hydrocarbon samples was +/- 30% due to the difficulty in collecting liquid 
from this region without aeration.  
The HACH SulfaVer® 4 Sulfate Reagent Pillow Packs and HACH DR 5000 were 
used to measure the SO42- concentration. Once collected, the samples were held at 4°C or 
lower until the samples could be run to prevent further decomposition of the S2O82-. The 
range for this method was 2-70 mg/L, but after the 100 fold dilution, the range was 200-
7,000 +/-100 mg/L. The total error in measurements with a 95% confidence was +/-16%.  
A 0.01 N sodium thiosulfate iodometric titration method (Wahba et. al. 1959) was 
used to quantify the S2O82- concentrations (reported as Na2S2O8). A detailed description 
of the method used is included in Appendix I. The minimum Na2S2O8 concentration 
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measured using this method is 0.04% w/w Na2S2O8 (based on the 0.05 ml drop volume) 
and the error was +/-7% of the measured concentration with a 95% confidence.  
Soil samples were collected for NAPL concentrations before and after the tanks 
were operated. In the pre-operation soil samples, approximately 20 g of soil was placed in 
20 ml of methanol, the vial was shaken, and then the samples were analyzed by injecting 
1 µL of methanol containing NAPL onto the GC-FID set on low gain. The same flow 
rates and temperature profiles discussed above were used. The calibration range for the 
NAPL extraction was 0.04-0.0004 mg/mL-methanol for MTBE and benzene and 0.4-
0.004 mg/mL-methanol for toluene, octane, ethylbenzene, p and o-xylene, n-
propylbenzene, and 1, 3, 5 TMB. Dilutions of the methanol extraction were done so that 
all hydrocarbons fell within their calibration range. After analyzing for NAPL 
concentrations, the samples were dried and then weighed to determine the mass of soil in 
the solution so that the concentrations could be converted to mg/kg soil. Triplicates of the 
pre-packing soil samples were collected. The 95% confidence interval for the error of 
each sample from the mean was +/- 15%.  
End of experiment soil samples were collected when the tank was disassembled. 
Most of the free water was allowed to drain from the higher permeability sand (drained 
for approximately 20 min.). The tank was then inverted on its side so that the glass was 
on top. The glass was removed and soil cores were collected throughout the tank. The 
cores were collected by cutting the tip off of a 10 mL plastic syringe, pushing the syringe 
into the sand, and then mixing the soil into 20 mL of methanol. Two cores were added to 
each vial to collect approximately 20 g of soil. Five samples at different depths were 
collected from three transects in the NAPL region along with 3 duplicates. One soil 
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sample from just above and just below the NAPL zone was also collected from each 
transect along with one sample in the clean higher permeability zone and the clean lower 
permeability zone. This gave a total of 9 soil samples from each transect along with 3 
duplicates. These soil samples were analyzed in the same way as the pre-treatment 
samples. The error from the post-operation soil samples for the control and treated tank 
were +/- 18 and 16%, respectively, for a 95% confidence between the duplicate samples. 
 
4.3 RESULTS 
 Figure 4.4 shows the vertical profile plots of Na2S2O8, SO42-, and pH taken after 
each of the treatment stages and the final snapshot. The values plotted are the average of 
the left, center, and right transect concentrations and the error bars span two standard 
deviation about the averages. Full profile plots for all snapshots separated by transect can 
be seen in Appendix III along with all hydrocarbon snapshots.  
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Figure 4.4. Concentrations averaged across the left, center, and right transects for 
Na2S2O8, pH, and SO42- measured in the lower permeability region. The area in red (47-
57 cm) is the region containing NAPL. 
 
The above plots show that, regardless of the pH before or after the Na2S2O8 
treatment, the S2O82- was able to diffuse into the NAPL region to similar depth, although 
not to the same concentrations. The SO42-, on the other hand, shows higher concentrations 
under conditions with S2O82- and elevated pH. This suggests that there was greater S2O82- 
mass delivered to the lower permeability zone under elevated pH conditions. 
  The pH profiles in Figure 4.4 show that the base was able to diffuse into the 
lower permeability layer. The pH profile and timing suggests that the soil lost some of its 
buffering capacity as the 173 d profile is similar to the 72 d profile even though the 72 d 
profile was the result of 28 d of NaOH delivery while the 173 d profile was from 14 d of 
NaOH delivery. Also, the OH- was not neutralized by the soil as much after the 186 d 
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Na2S2O8 treatment as it was for the 89 d Na2S2O8 treatment. This may also be due to the 
lack of S2O82- in the system reacting with the OH- as it diffused. 
 The error bars represent two standard deviation from this average. The error bars 
are larger for the 173 d and 186 d sampling events. This is likely due to fines that were 
mobilized during the treatment phases due to the high ionic strength of the Na2S2O8 and 
NaOH solutions. Once the RO water was reintroduced to the system, the fines settled out 
of suspension forming a thin layer of fines approximately 1 cm above the higher/lower 
permeability interface after the second Na2S2O8 treatment. While the fines were almost 
completely removed from the upstream and downstream sections, it remained in the 
center region approximately 1-2 cm from the higher/lower permeability interface. This 
reduced the mass of S2O82- and OH- that was able to diffuse into the center region since 
the S2O82- and OH- first had to diffuse through the fines before it to contact the 
higher/lower permeability interface in the center region. This caused a larger variability 
in the concentration profiles since the S2O82- and OH- had direct interface contact along 
the left and right transects but not in the center resulting in a larger standard deviation of 
the average of the three. Additional information regarding the precipitate can be seen in 
Appendix VI.  
Figure 4.5 shows the dissolved mass of S2O82- (reported as Na2S2O8) and SO42- 
calculated by integrating the left, center, and right dissolved concentration profile plots 
over depth and then multiplying the result from each by 1/3 the higher/lower permeability 
interface area and the porosity. The Na2S2O8 mass does not decrease greatly with time, 
except between 44 and 72 d, although the profiles in Figure 4.4 show significant changes.  
This is because the mass calculation is dominated in most cases by contributions deeper 
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than the targeted NAPL treatment zone.  The S2O82- in the target NAPL treatment zone is 
likely reacting with the hydrocarbons, while reaction of the S2O82- that has diffused 
deeper into the lower permeability zone appears to be slow. Thus, S2O82- that migrates 
past the target reaction zone appears to contribute little to treatment in the short-term and 
seems to persist in non-reactive regions.  Presumably, it will diffuse back toward the low 
concentration high/low permeability interface and react or diffuse back into the higher 
permeability zone. The dissolved profiles below the NAPL region shown in Appendix III 
suggest that the S2O82- that diffuses past the NAPL region has some impact on the 
dissolved source below the NAPL region. 
 
Figure 4.5. Mass of Na2S2O8 and SO42- in the lower permeability regions (A=times of 
Na2S2O8 delivery and B=times of NaOH delivery, both to the higher permeability layer) 
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The SO42- mass plots show increasing SO42- concentration with time until 218 d, 
when it levels off and decreases slightly. The highest increases are after the first base 
activation, after the second Na2S2O8 injection, and after the third Na2S2O8 treatment when 
the base was already in place. This suggests that SO42- formation is an indication of when 
and where the Na2S2O8 is most reactive.  
The SO42- generated by decomposition of the oxidant has the potential to provide 
additional treatment of the hydrocarbon through anaerobic SO42--reduction. The 
stoichiometric efficiency of SO42- to benzene is 18.5 g-SO42-/g-benzene and in the lab the 
efficiency has been measured to be about 84-g SO42-/g-benzene, producing a 75-86% 
reduction in benzene (Lovley et al. 1994).  
Figure 4.6 shows the emission rates measured with time for all hydrocarbons for 
the treated and control tanks. The emission plots are normalized by dividing the emission 
by the average of the 20-28 d emission rates. These days were selected because, in both 
the control and the treated tank, this is when the effects of the initial flooding seem to be 
gone and a stable emission is established. The vertical bars represent the start and end of 
treatments in the system as defined in the figure title. 
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Figure 4.6. Normalized emission plots from the control and treated tank. Note control data 
work provided by Wilson (2014). Sections labeled A are times of Na2S2O8 delivery and 
(B)=times of NaOH delivery, both to the higher permeability layer.  
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Figure 4.6. Normalized emission plots from the control and treated tank. Note control data 
work provided by Wilson (2014). Sections labeled A are times of Na2S2O8 delivery and 
B=times of NaOH delivery, both to the higher permeability layer 
  
A few key observations from the emission rate vs. time plots are that the emission 
rates decreased during all Na2S2O8 additions but either increased or remained constant 
during the NaOH additions. This might be expected as the Na2S2O8 was depleted near the 
NAPL zone and the higher/lower permeability interface each time NaOH was introduced, 
and NaOH is not itself a reactant with hydrocarbons.  Note that the MTBE became non-
detect in both systems early in the experiment as it was largely removed by dissolution 
during the tank flooding process as discussed previously.  
There appear to be two stages of rebound following Na2S2O8 delivery, and these 
are most apparent in the last phase of the experiment following the third Na2S2O8 
delivery. The rebound is initially more rapid with time after all of the S2O82- is removed 
from the higher permeability region. The second phase occurs around 10 d later. This is 
likely due to the time needed for the residual S2O82- to drop to a level where its effects on 
the pore water hydrocarbon concentration are minimal and for the NAPL to re-partition 
into the pore water and then diffuse to the higher permeability region. The dissolved 
hydrocarbon profiles in Appendix III show lower dissolved concentrations in the NAPL 
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region after treatment; a condition that is no longer present a month later. After the 
second phase of rebound, the emission rate stabilizes.   
 Figure 4.6 shows a spike in emission rate at the start of the first treatment, and this 
might be due to the higher density of the Na2S2O8, which likely resulted in driving more 
of the sweep flow in the tank nearer the interface.  
 The percent difference between the normalized effluent from the control and 
treated tanks is shown vs. time in Figure 4.7. The results presented in the inset table in 
Figure 4.7 are the averages of 14 days of relatively steady conditions late in the 
monitoring periods following the two primary treatments. The error presented is the 
standard deviation (+ or -) of the percent differences seen in those 14 d.   
 
 
Figure 4.7. Percent difference in emission rates from control and treated tanks. Emission 
rates were normalized to the average of the emission from 20 d to 28 d. Note control data 
work provided by Wilson (2014) 
  117 
 
The percent difference in Figure 4.7 reflects the difference in emissions between 
the control and the treated tanks, with each tank’s emissions normalized to the average of 
the 20<t<28 d emission rates. After the first treatment, the emission was reduced by 59-
70% for all but MTBE and octane. MTBE was non-detect at this point which is likely due 
to the losses during the initial flooding of the lower permeability region. The increase in 
octane concentrations compared to the control tank reflects greater removal of the 
compounds with higher dissolved concentrations from the residual NAPL by treatment 
than by dissolution and diffusion alone.  As the composition of the residual changes, the 
mole fractions (Xi) of the components change and the dissolved concentrations in the 
source zone are expected to follow Raoult’s Law: dissolved concentration= Xi x pure 
component solubility (Si). For example, as the components with higher dissolved 
concentrations like toluene are depleted, the mole fractions of the less soluble and lower 
dissolved concentration components like octane increase. 
After the second series of treatments, the emission reductions were 55-73% for all 
components, except MTBE and octane. As explained above, MTBE was non-detect due 
to the initial losses during the tank flooding. Octane emissions remained near the control 
tank emissions suggesting that the treatment had little impact on the overall octane 
concentration in the NAPL source near the higher/lower permeability soil interface. The 
second treatment event provided an additional 3-4% decrease in emission rates for 
benzene and toluene, with smaller percentage decreases in emission rates for the lower 
dissolved concentration compounds (ethylbenzene, p- and o-xylene, n-propylbenzene, 
and 1,3,5 TMB) between the first and second treatment events. The results from 
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successive treatments suggest that additional treatments would reduce the emissions, but 
potentially with diminishing returns. 
There are three possible explanations for the lower reductions in emissions of 
ethylbenzene, p- and o-xylene, n-propylbenzene, and 1,3,5 TMB after the second 
treatment. One is that the initial depletion of the more soluble compounds with higher 
dissolved concentration led to increasing mole fractions of the less soluble compounds, 
and consequently a later increases in their dissolved concentrations in the source zone 
and emission rates. The second is that the system had not fully rebounded before the 
second treatment was started, and the results reflect that as well as treatment. The third 
explanation is that this is simply an artifact of the variability in sampling. The average of 
14 d was used to minimize the effects of the variability between samples. The variability 
in sampling is also reflected in the benzene and toluene sample collections yet they saw 
additional emission decreases due to treatment whereas the other chemicals did not; 
therefore, it is not likely an artifact of the sampling. Also the octane emissions between 
the first and second treatment seem relatively stable for about 50 d suggesting that full 
rebound was established. This suggests that the lack of benefit due to additional treatment 
of ethylbenzene, the xylenes, n-propylbenzene and 1,3,5 TMB is likely the changing 
composition of the NAPL residual.  This appears to be the same factor that was affecting 
the octane emissions increase between the first and second events, although the post-
second treatment data agree well with the control tank.  
The idea that the treatment resulted in a change in the NAPL composition is 
supported by the post-tank disassembly soil sample analyses. Results were used to 
calculate changes in Xi between the pre- and post-experiment soil samples for both the 
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control and treated tanks. The differences in component mole fractions between the pre-
tank operation soil samples and the final soil samples for the left, center, and right 
regions of the tank were calculated: just below the higher/lower permeability interface 
(1T), just above the bottom of NAPL-containing lower permeability soil and clean lower 
permeability soil (5B), and three places in between (2, 3, and 4). The sums of the 
differences in the mole fractions from the start of the experiment to the end for the three 
different regions were summed to compare depth changes in Xi between the treated and 
control tanks. The results are presented in Figure 4.8.  
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Figure 4.8 Changes in mole fractions between the start and end of experiments. Location 
1(T) is just below the higher/lower permeability region, 2, 3, and 4 are below 1(T), and 
5(B) is at the bottom of the NAPL region just above the clean-packed lower permeability 
sand. 
 
The error bars in Figure 4.8 were calculated using propagation of errors for the 
soil concentrations used to calculate the mole fractions. The error for the treated and 
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control tank NAPL soil samples were calculated from the distance from the average of 
the duplicate samples collected within a 95% confidence interval. The calculated error in 
the soil concentration was 16% for the treated tank and 18% for the control tank. 
Applying a student t test, the difference in the average change in mole fractions between 
the control and treated tank are significant for toluene, octane, ethylbenzene, p-xylene, 
and o-xylene within 95% interval. The change in mole fraction is insignificant (i.e. the 
average of the control and treated tank change in mole fraction is not statistically 
different) for benzene, n-propylbenzene, and 1,3,5  TMB within 95% confidence interval. 
Figure 4.8 shows that: 
• There was a greater decrease in the mole fractions for toluene (the component 
of the NAPL mixture with the highest dissolved concentration) in the treated 
tank than in the control tank. 
• Both the control and treated tanks saw increases in octane mole fractions in 
the final soil samples though a greater decrease in the control. This suggests 
that dissolution also impacted the NAPL source composition in the lower 
permeability layers. 
• There were increases in the mole fractions of the lower dissolved 
concentration hydrocarbons (especially octane, ethylbenzene, p-xylene, and o-
xylene) in NAPL residuals in the treated tank, while the mole fractions of 
those chemicals decreased in the control tank NAPL residual. 
Table 4.2 shows the change in NAPL mass from the beginning to end of the 
experiments for both control and treated tanks.  The initial mass was calculated from soil 
samples collected after the tank had been packed from the bucket containing the NAPL 
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sand that was left open during the packing process. This gives an estimate of the NAPL 
contained in the source zone at the start of the experiment but does not account for losses 
during the flooding process or the volatile losses incurred from the poring of the sand into 
the tank. The post-experiment mass was calculated directly from post-experiment soil 
samples collected during the tank disassembly process. The percent benzene, toluene, and 
octane mass lost in the treated tank was greater than in the control tank while the other 
chemicals’ percent losses were similar for the treated and the control tanks.  
Table 4.2 
Change in NAPL Mass for the Control and Treated Tanks 
 Control Tank Treated Tank Control/ 
Treated 
 Initial 
NAPL 
(g)* 
Final 
NAPL 
(g)* 
% 
diff 
* 
Initial 
NAPL 
(g) 
Final 
NAPL 
(g) 
% 
diff 
Mass lost 
treatment 
(g)** 
MTBE 1.9+/-0.3 0.0+/-0.0 99 1.8+/-0.3 0.0 100 0.01 
Benzene 1.1+/-0.2 0.3+/-0.1 72 1.1+/-0.2 0.2+/-0.0 80 0.09 
Toluene 7.7+/-1.4 4.8+/-0.9 38 6.6+/-1.1 3.2+/- 0.5 51 0.86 
Octane 42+/-7.5 41+/-7.4 2 42+/-6.7 37+/- 5.9 12 4 
Ethylbenzene 8.5+/-1.5 6.2+/-1.1 27 6.8+/-1.1 5.3+/- 0.9 21 0 
P-Xylene 8.2+/-1.4 6.2+/-1.1 24 7.0+/-1.1 5.6+/- 0.9 20 0 
O-Xylene 8.9+/-1.6 6.6+/-1.2 27 7.2+/-1.1 5.6+/- 0.9 22 0 
N-Propyl-
benzene 
8.2+/-1.5 6.5+/-1.2 21 6.3+/-1.0 6.0+/- 1.0 4 0 
1,3,5 TMB 4.2+/-0.8 3.1+/-0.6 28 3.4+/-0.5 2.8+/- 0.5 17 0 
Total 91 +/-16 75 +/-14  82 +/-13 65 +/-7  5.0 
*Note control tank data provided by Wilson (2014) 
**Values less than one are reported as zero 
 
NAPL concentration profile plots from the left, center, and right transects from 
the control and treated tanks are presented in Figure 4.9. These show slight decreases in 
soil concentrations near the higher/lower permeability interface but are not significant 
when comparing this data to the control tank (see Wilson 2014). 
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Figure 4.9. Soil concentrations measured after experiments compared with initial 
concentrations (table). The interval between the black dashed lines indicates the position 
of the 10 cm thick NAPL zone 
 
4.4 DISCUSSION 
The increase in SO42- in the system when NaOH was present is an indication that 
base activation was able to increase the reactivity of the S2O82-. Base delivery prior to 
Na2S2O8 delivery seemed to increase the mass of S2O82- diffused into the lower 
permeability region, as indicated from the SO42- measurements.  While more SO42- was 
produced with base activation, it is not known if more hydrocarbon oxidation occurred. 
The detection limit and uncertainty of the Na2S2O8 titration process were such that 
it was not possible to verify or quantify S2O82- diffusing into or out of the lower 
permeability sand by analysis of S2O82- in the effluent. Because of this, the amount of 
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S2O82- used by the system for degrading the NAPL was estimated based on the dissolved 
masses of S2O82- and SO42- in the lower permeability layer as calculated from their 
vertical concentration profiles. The profiles were integrated with depth and then 
multiplied by the cross sectional area of the higher/lower permeability interface and by 
the porosity to determine the mass of S2O82- and SO42- in solution in the lower 
permeability layer for each concentration snapshot.  
To estimate the efficiency of S2O82- treatment (mass of S2O82- consumed/mass of 
hydrocarbon removed), the mass of S2O82- used was estimated and divided by the 
estimated mass of NAPL removed. The total mass of S2O82- consumed over the course of 
the experiment was calculated by: 1) estimating the mass of S2O82- delivered to the lower 
permeability layer for each S2O82- addition, 2) adding those masses together, and then 3) 
subtracting from that total the S2O82- mass remaining in the lower permeability zone at 
the end of the experiment.  With respect to (1), the S2O82- mass delivered to the lower 
permeability layer for each S2O82- addition was calculated by estimating the mass of 
S2O82- measured in the lower permeability zone after each persulfate addition and 
subtracting from that the mass of S2O82- in the system before each treatment. To account 
for the mass of S2O82- used during the 14 d treatment period, the mass of SO42- in the 
system at the end of the S2O82- minus the SO42- before treatment was stoichiometrically 
added to the S2O82- measured in the system. The estimated NAPL mass removal was 
calculated as discussed above. The values used in the efficiency calculation are listed in 
Table 4.3. 
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Table 4.3  
Values Used for Estimating the S2O82- Treatment Efficiency. 
Event S2O82- 
measured in 
lower 
permeability 
zone (g) 
S2O82- 
delivered 
to lower 
permeabilit
y zone (g) 
SO42- 
measured in 
lower 
permeability 
zone(g) 
SO42- generated 
during S2O82-  
delivery in lower 
permeability 
zone(g) 
1st S2O82- added (44 d) 68.2 68.2 1.1 1.1 
1st OH- added (72 d) 10.3  10.7  
2nd S2O82- added  
(89 d) 
68.6 58.3 14.3 3.6 
2nd OH- added (176 d) 47.2  24.5  
3rd S2O82- added  
(190 d) 
105.0 57.8 38.2 13.7 
Final (294 d) 99.4  50.5  
Total Estimated S2O82- used (g) [S2O82- delivered -S2O82- final 
+SO42- generated during delivery periods] 
103.3 
Total Estimated NAPL Removed (g) 5.0 
Efficiency g S2O82-/g NAPL 21 
 
*Value adjusted to mass lost in control tank (see Table 4.2) 
 
The limitations of this approach are that the S2O82- measured after treatment does 
not include losses between treatments due to back diffusion and loss of SO42- by back 
diffusion and possible anaerobic bio-reactions. Underestimates of mass delivered and 
conversion to sulfate bias the results to a lower mass of S2O82- used in the reduction of 
NAPL mass; underestimates of the oxidant mass lost to back-diffusion and sulfate loss to 
anaerobic bio-activity result in a bias toward a greater mass of S2O82- used in the 
reduction of NAPL mass.   The calculated overall efficiency of 21 g-S2O82-/g-NAPL 
removed is lower than the values presented in Chapter 3 (108-125 g-S2O82-/g-NAPL) and 
by Sra et al. (2013) (120 - 340 g-S2O82-/g-benzene). It is also lower than the 
stoichiometric ratio for reacting with benzene of 37 g-S2O82-/g-benzene (Sra et al. 2013). 
Even with the experimental uncertainties, this calculation gives a rough estimation of the 
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S2O82- oxidation treatment efficiency, which is within a factor of five to six of the value 
calculated from data in Chapter 3. 
After the two treatments, the sustained benzene, toluene, ethylbenzene, p and o-
xylene, n-propylbenzene and 1,3,5 TMB emission reductions due to treatment were 55-
73%. Treatments were applied over the course of weeks and provided flux reductions that 
would likely have taken years under natural dissolution processes.   
To evaluate the effectiveness of treatment, the time required for a system to reach 
the flux reduction through natural processes was estimated. This was done similarly to 
Chapter 3 by normalizing the flux vs. time data from the control tank and fitting it to the 
expression U = _√ where J is the normalized flux, t (s) is the time, and h is a constant that 
adjusts for the best fit of the least-squares analysis. The h theoretically incorporates the 
diffusion coefficient, porosity, initial NAPL concentration, and initial Xi, molecular 
weight, and solubility of each chemical (Clifton et al. 2014). The normalized flux from 
the final 303-320 d of data for the control tank were averaged and then reduced by the 
percent reduction between the treated and control tank. This adjusted J value was used in 
the least-squares equation to calculate the time to reach this flux (Table 4.4). The fitting 
equation assumes an infinitely thick source so the fitting equation has the potential to 
project a longer time than a more finite thickness source. However, for the NAPL case 
presented here, there is likely sufficient mass such that the effects of mass reduction near 
the interface does not affect the overall source mass.  
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Table 4.4 
Time to Reach Flux Reduction from Treatment of a NAPL Source Assuming Natural 
Dissolution and that J is Independent of ∆L. (MTBE Not Included Due to Initial Flooding 
Losses) 
Compound normalized flux 
value in treated 
tank at end of 
experiment *  
Best fit for 
normalized flux 
vs. time data from 
untreated 
experiment 
R2 Time to reach % 
reduction for 
untreated conditions 
(y) ** 
Benzene 0.11 1,638*t-0.5 0.78 9 +/-1.2 
Toluene 0.16 1,727*t-0.5 0.78 4 +/-0.6 
Octane 0.37 2,192*t-0.5 0.05 2 +/-0.8 
Ethylbenzene 0.14 1,411*t-0.5 0.84 3 +/-0.2 
P-Xylene 0.14 1,421*t-0.5 0.82 3 +/-0.4 
O-Xylene 0.14 1,475*t-0.5 0.78 3 +/-0.4 
n-Propylbenzene 0.06 1,084*t-0.5 0.77 6 +/-1.0 
135-TMb 0.06 1,167*t-0.5 0.83 9 +/-2.0 
*normalized to 20-28 d into tank operation. 
 
This calculation is very dependent on the percent reduction. This is due to the 
diminishing mass lost from the system with time meaning that the later stages of the site 
will see less change in flux with time (due to less mass lost). For example, to reach a 90% 
reduction in benzene emission will require over 70 years under natural conditions, 
whereas 75% emission reduction would only take 12 years. This may suggest that the 
additional treatment, though providing diminishing return on flux reduction, may be 
worthwhile depending on the target treatment level. MTBE was not included since it was 
largely removed from the tank during the initial water-flooding process. 
The emission reduction mechanism appears to be reaction of dissolved 
hydrocarbon after it diffuses into the pore space when S2O82- is present since the 
compounds with higher dissolved concentrations were remediated to the greatest extent, 
relative to their initial masses. This hypothesis is supported by the emission data, the 
mass reduction being highest for benzene and toluene, and the soil data used to calculate 
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the mole fractions after the tank was disassembled. Octane showed the greatest mass 
decrease (4 g) but does not show a high percent mass reduction (12%). The emission data 
showing decreased emission reduction of the lower dissolved concentration hydrocarbons 
may result from the NAPL composition becoming more dominated by the lower 
dissolved concentration components (dissolved concentration=solubility*Xi).  
Current literature on NAPL/S2O82- reactivity is limited with most theories 
originating from the assumption that S2O82- interacts with NAPL in a similar way as 
permanganate (SERDP 2011). From this, it is assumed that the NAPL/water interface is a 
zone of high reactivity when S2O82- and NAPL contact (SERDP 2011). This theory is 
supported by what was seen in the tank in that the S2O82- does not react directly with the 
NAPL phase but only the dissolved phase.  
 
4.5 CONCLUSION 
 Similar to the work presented in Chapter 3 and in Clifton et al. (2014), the 
experimental system employed here is simplified relative to real field settings. The 
contrasting permeability soils were selected in such a way that near perfect contact with 
the contaminated zone and the treatment in the higher permeability zone was achieved. In 
addition, the NAPL was distributed relatively uniformly throughout the NAPL zone. This 
likely allowed for greater contact between the NAPL and the S2O82-. While contact 
between the oxidant and the NAPL in the field may not always be ideal, there are several 
lessons learned from this study: 
• The emission from a thin NAPL zone in a lower permeability region can persist 
for a long period of time (>>300 d).  
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• S2O82- can diffuse into and past a NAPL region without being completely reacted 
(10 cm in 13 d). Base (OH-) can also diffuse into soils with low buffering 
capacities (8 cm in 14-28 d depending on buffering and oxidant reaction). 
• Additional longer-term treatment benefits may result from SO42- generation by 
Na2S2O8 treatment.  
• It is likely that the S2O82- treatment involves hydrocarbon partitioning from the 
NAPL phase to the dissolved phase before reaction.  
• Sustained emission reductions from NAPL zones due to multiple activated- 
Na2S2O8 treatments are possible, although it may be difficult to achieve orders-of-
magnitude reductions by the treatment methods explored in this work. The final 
emissions reductions after three Na2S2O8 treatments and two NaOH injections (a 
total of 83 d of injection) were 55-73% in this work. 
• Sequential treatments provide additional emission reductions though likely at 
diminishing returns and preferentially for the higher dissolved concentration 
compounds.  
• Due to the low treatment efficiency (g-S2O82-/g-NAPL removed) it is unlikely that 
complete NAPL removal from a lower permeability region will be feasible. The 
efficiency has been estimated to be 37 g-S2O82-/g-benzene (Sra et al. 2013), 
estimated as 108-125 g-S2O82-/g-NAPL (Chapter 3), 120-340 g-S2O82-/g-benzene 
Sra et al. (2013), and 21 g-S2O82-/g-NAPL removed from the NAPL treatment in 
this chapter.  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 
5.1 CONCLUSIONS 
The research presented in this dissertation focuses on reducing hydrocarbon 
emissions from lower permeability zones into clean groundwater flowing through 
adjacent higher permeability zones. The approach evaluated here involved creating a 
clean or reduced concentration zone in the lower permeability region at the interface with 
the higher permeability zone. In concept, this results in a decreased concentration 
gradient from the lower to the higher permeability zone and therefore a reduced flux from 
the lower permeability zone to the water flowing through the more permeable zone. In 
situ chemical oxidation (ISCO) was evaluated as a means of creating this clean or 
reduced concentration zone in the lower permeability layer.  
Field and laboratory studies were conducted to better understand chemical oxidant 
transport and characteristics needed for broad distribution across the higher permeability 
zone and sufficient diffusive delivery into the lower permeability zone. Two commonly-
used oxidants, hydrogen peroxide (H2O2) and sodium persulfate (Na2S2O8), were studied.  
These were chosen in part because they are in use at petroleum-spill sites, but also 
because they have quite different reactivity and both have potentially beneficial reaction 
by-products (oxygen and sulfate).   
H2O2 solution injection and distribution were observed at a field site. The 
distribution of H2O2 and indicators of its reaction byproducts (dissolved oxygen, ORP, 
heat/temperature, pH, specific conductance) were monitored during two ISCO treatment 
events at a relatively hydraulically conductive site containing residual hydrocarbons from 
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a former leaking underground storage tank. The field distribution results were compared 
with those measured in a laboratory two-dimensional flow-through tank. Both laboratory 
and field results suggested that, for non-stabilized H2O2, distribution of the oxidant >0.6 
m beyond the point of delivery was unlikely without significant pore volume deliveries.  
For example, four solution pore volumes flowed past a location before H2O2 was detected 
at that location in the laboratory. Field and lab studies also showed significant oxygen gas 
generated during these treatment events.   In the lab 36 mL O2 was generated per mL 
10%w/w H2O2 injected. Elevated dissolved oxygen (DO) levels were measured in the 
field study throughout the region where the injected solution traveled, regardless of the 
persistence of the H2O2 remaining in the fluid. Key conclusions from these studies with 
H2O2 include: 
 
With respect to oxidant distribution: 
• Both field and laboratory results suggest that the reactivity of H2O2 is so fast that 
achieving a broad distribution at a site would require a very high (and likely 
impracticable) density of injection points, and that even then it is unlikely to 
persist long enough for sufficient delivery by diffusion into lower permeability 
layers.  
• Both laboratory and field data showed H2O2 traveled less than 0.6 m.  The ratio of 
H2O2 travel distance based on where it was detected to where it was predicted to 
travel by advection was 0.13 from the field site and 0.24 from the lab.  
• The byproducts from H2O2 decomposition can travel significantly further from an 
injection well than the H2O2 so the byproducts should not be used to determine 
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the distribution of H2O2 at a site.  For example, in the field, elevated temperatures 
were detected 3 m from the injection well when H2O2 was detected <0.6 m.  
 
With respect to treatment effectiveness: 
• The major benefit of H2O2 deliver appears to be the generation of O2 gas, some of 
which remains trapped in the pores.  This trapped O2 then serves as a weeks – 
months long source of dissolved oxygen for aerobic biodegradation of petroleum 
hydrocarbons.   
o Both laboratory and field results showed elevated DO levels persisted for 
weeks to months (57 d in the lab and >60 d in the field).  
• Laboratory results indicated that elevated DO resulted in aerobic biodegradation 
of the hydrocarbon emissions as long as the elevated DO persisted; for example, 
the toluene emissions were non-detect for the 57 d where elevated DO levels were 
detected and then rebounded when the DO level declined to anoxic conditions.  
• Both studies show that the long-term effects of H2O2 treatment are unclear until 
the residual trapped gas and elevated DO levels have dissipated. 
 
The use of sodium persulfate (Na2S2O8) was also studied, based on its ability to 
react with some chemicals of concern at petroleum sites (benzene, toluene, ethylbenzene, 
xylenes = “BTEX”), its slower reaction rate, and its relatively high solubility (see 
Chapter 1). When the unactivated Na2S2O8 was applied for 14 d to the higher 
permeability layer in a two-dimensional tank with a dissolved+sorbed source contained in 
the lower permeability layer, the BTEX emissions were reduced by 95-99% and the 
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MTBE emission was about 63%.  Post-treatment mass balance calculations indicated that 
80% of the initial MTBE mass and >98% of the initial BTEX mass was removed from 
the lower permeability region.  
When evaluating the diffusion of S2O82- for the treatment of a light non-aqueous 
phase liquid (LNAPL) source in a lower permeability region, base activation was used. A 
10 cm thick 7,000 mg LNAPL/kg soil source was placed in the lower permeability region 
just below the higher/lower permeability interface. Separate injections of 10% w/w 
Na2S2O8 and 19 g/L NaOH were applied multiple times to the NAPL-tank  (three time for 
Na2S2O8 and two times for NaOH) resulting in a 55-73% flux reduction of the source 
compounds (benzene, toluene, ethylbenzene, p and o-xylene, n-propylbenzene, and 1,3,5 
trimethylbenzene (1,3,5,TMB)). N-octane was used as a source release compound in the 
NAPL mixture due to its lower solubility so it was not reduced to the same extent as the 
other, higher dissolved concentration compounds (a 14% emission reduction)  
The S2O82- mass delivered by diffusion into the lower permeability region during 
13-14 d of 10% w/w Na2S2O8 addition was calculated from concentration profile data for 
the dissolved+sorbed and thin NAPL-impacted layer tank experiments and was found to 
be 144 g and 68 g respectively. It is likely that the actual S2O82- mass delivered is greater 
than calculated as any S2O82- reacted in the first 14 d is not accounted for here; however, 
that is accounted for somewhat in the way that efficiency is calculated from the data. The 
S2O82- mass was then divided by the cross sectional area of the higher/lower permeability 
interface to determine the mass of S2O82- per centimeter of contact (0.2 g S2O82- /cm2 for 
the dissolved+sorbed tank and 0.1 g S2O82- /cm2 for the thin NAPL-impacted tank). 
Assuming no sorbtion of a 100 mg/L dissolved BTEX source and the previously 
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determined efficiency from the dissolved tank (125 and 108 g S2O82-/g hydrocarbon), a 
14 d 10% w/w Na2S2O8 treatment could theoretically remediate 0.24-0.56 m of the 100 
mg/L dissolved BTEX-impacted lower permeability sand.  
The key results from the experiment involving the treatment of the 
dissolved+sorbed source by delivery of a 10% w/w Na2S2O8 solution to the higher 
permeability layer are:  
• Unactivated S2O82- was able to diffuse approximately 10 cm into the lower 
permeability soil in 14 d. 
• The S2O82- continued to diffuse deeper into the lower permeability layer after the 
initial delivery phase stopped. In the tank system, the S2O82- diffused at least 40 
cm in 135 d after the initial delivery stage, and by that time, almost all of the 
BTEX had been removed (≥98%) from the lower permeability region and the 
MTBE mass was also greatly reduced (80%).  
• The 14 d treatment resulted in the following reductions in emission rates after 200 
d as compared to an untreated control tank: 63% MTBE, 95% benzene, 97% 
toluene, 99% ethylbenzene, and 98% p-xylene.   
• The data show greater reactivity with BTEX components than MTBE. 
• The treatment efficiency of the oxidant to hydrocarbon removal estimated for this 
study is 108-125 g S2O82-/g hydrocarbon (+/-38%).  
• It is likely that, given sufficient time and adequate contact near the interface, it is 
possible to remediate a 0.24-0.56 m thick lower permeability dissolved source 
containing a 100 mg/L hydrocarbon concentration with a 14 d application of 10% 
w/w Na2S2O8 treatment. 
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Sodium persulfate, in combination with more aggressive base-activation 
activation strategies using NaOH, was used to treat a 10-cm thick NAPL-impacted region 
in a lower permeability layer. A total of three Na2S2O8 treatments were performed, with 
each lasting between 13 and 14 d, and with two sodium hydroxide (NaOH) applications 
lasting either 14 or 28 d.  Multiple treatments were performed as this case differed from 
the dissolved situation discussed above and in Chapter 3 in that there was significantly 
more hydrocarbon mass initially present (2.6 g of hydrocarbon in the dissolved+sorbed 
tank and approximately 100 g of hydrocarbon in the NAPL-impacted tank).  Base 
activation was performed to try to focus oxidant reactivity near the higher/lower-
permeability layer interface. The emission reduction after the first series of treatments (13 
d Na2S2O8 -> 28 d NaOH -> 14 d Na2S2O8) and the second series of treatments (14 d 
NaOH ->14 d Na2S2O8) are shown in Table 5.1. 
Table 5.1  
Percent Emission Reduction of the Treatment Tank Compared to the Control Tank (Time-
Average of 14 d of Emission Data at End of Experiment). Results from Control Tank were 
Provided by Wilson (2014) 
Contaminant  % reduction after first 
treatment process 
% reduction after second 
treatment process 
MTBE NA NA 
Benzene 67 +/- 4 71 +/- 3 
Toluene 70 +/- 3 73 +/- 3 
N-Octane -38 +/-53 14 +/- 21 
Ethylbenzene 62 +/-4 60 +/- 5 
P-Xylene 63 +/-5 61 +/- 5 
O-Xylene 66 +/-4 63 +/- 4 
N-Propylbenzene 59 +/-9 55 +/- 7 
1,3,5 Trimethylbenzene 69 +/-7 67 +/- 6 
NA=Not applicable. The control and treated system both had MTBE concentrations go to 
non-detect due to losses during the initial flooding process. 
 
 The key conclusions reached from the thin NAPL-impacted region treatment 
study are: 
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• By adding the oxidant and activator separately, the reaction was more focused in 
the lower permeability layer near the higher-/lower-permeability layer interface, 
as concluded from the SO42- and S2O82- profiles. 
• Additional treatments resulted in additional emission reduction though with 
diminishing return. The greatest effects of the additional treatments were seen in 
the emission reductions for benzene and toluene. 
• The emission reduction likely resulted from reduction of the higher dissolved 
concentration components from the NAPL mixture rather than significant 
reduction of the overall NAPL mass. 
• The estimated NAPL mass reduction in the lower permeability region for the 
controlled tank (results from Wilson 2014) and the treated tank are shown in 
Table 5.2. 
 
Table 5.2  
Percent LNAPL Mass Reduction for the Control (Wilson 2014) and Treated Tank as 
Calculated from Soil Concentration Results. 
Contaminant  % reduction NAPL mass in 
control tank (Wilson 2014) 
% reduction in NAPL 
mass in treated tank 
MTBE NA* NA* 
Benzene 72 +/- 18 80 +/- 16 
Toluene 38 +/- 18 51 +/- 16 
P-Xylene 24 +/- 18 20 +/- 16 
O-Xylene 27 +/- 18 22 +/- 16 
Ethylbenzene 27 +/- 18 21 +/- 16 
1,3,5 Trimethylbenzene 28 +/- 18 17 +/- 16 
N-Propylbenzene 21 +/- 18 4 +/- 16 
N-Octane 2 +/- 18 12 +/- 16 
*NA=not applicable. Losses are likely due to the initial flooding process and not from 
treatment or natural dissolution. 
 
 The mass of S2O82- calculated from dissolved concentration profiles after the first 
Na2S2O8 treatment was used to predict the depth of treatment shown in Figure 5.1. This is 
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the treatment depth that might be accomplished for varying NAPL source concentrations 
for different efficiencies of the oxidant treatment (mass of S2O82- per mass of 
hydrocarbon removed). This assumes that reaction is focused at the interface and moves 
inward as hydrocarbon mass is completely consumed though in the laboratory NAPL 
experiments it was seen that S2O82- would diffuse through the NAPL layer without 
complete NAPL destruction.  
 
Figure 5.1 NAPL removal depth for varying efficiency of S2O82-/hydrocarbon (HC).  
 If the efficiency of the NAPL tank is comparable to the dissolved tank (108-125 g 
S2O82-/g hydrocarbon removed), for the system evaluated here with a NAPL 
concentration of 7,400 mg/kg and assuming that the S2O82- reacted completely as it 
diffused to the NAPL (in other words, the S2O82- created a thinner clean zone as opposed 
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to a thicker depleted zone), the clean zone from one 14 d treatment event would be about 
0.3 cm.  
 
5.2 FUTURE RESEARCH  
From the dissolved tank experiment, the efficiency of the S2O82- diffusion for the 
reaction of a MTBE and BTEX source was found to be 108-125 g S2O82-/g of 
hydrocarbon. This means that significantly more S2O82- mass needs to diffuse into a 
source zone than the mass of hydrocarbons it remediates. An oxidant that was more 
efficient (lower mass oxidant/mass hydrocarbon removed) would be ideal. From the 
lessons learned from the S2O82- and H2O2 studies, oxidant characteristics that would be 
preferable or necessary to better remediate contaminant sources in lower permeability 
regions are: 
• An ability to react with the chemicals of concern (COC).  
• Have a high solubility. Required solubility will be dependent on the 
efficiency of the oxidant with the COC and the oxidant’s reaction rate. A 
lower soluble oxidant may be acceptable if it means greater efficiency. 
For example, O2 has a high efficiency (3 g O2/g-hydrocarbon (Clifton et 
al., 2014)) yet a lower solubility (approximately 40 mg O2/L in the 
presence of pure O2) so sufficient mass delivery is unlikely. On the other 
hand H2O2 has a high solubility (completely (SERDP, 2011)) and a high 
efficiency (9 g H2O2/g benzene (Osgerby, 2006)) but a fast reaction rate 
(half-life of 2-6 h in sand (U.S. EPA, 2007)). Solubility on the order of 
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100 g/L or more would likely be acceptable assuming the reaction rate is 
slower.  
• Reaction rate that will allow transport though the transmissive zone of the 
aquifer and diffuse to sufficient depths before reacting away but still react 
with the COC in the lower permeability zone before diffusing out of the 
system is required. For example, reaction rates on the order of days to 
weeks would likely be efficient as opposed to seconds or months but this 
is dependent on the treatment depth, duration, mass requirement, etc. 
Reaction rates similar to S2O82- would be acceptable when considering the 
flexibility provided by activation.   
• Byproducts that are less harmful than the COC and are acceptable for 
groundwater conditions. This will be site-dependent and regulatory 
dependent. Ideally an oxidant like H2O2 would be developed which 
degrades to oxygen and water while fully oxidizing the COC (though one 
with a slower reaction rate). In addition, byproducts that themselves may 
provide additional remediation (such as O2 gas from the degradation of 
H2O2 for aerobic biodegradation or SO42- for anaerobic sulfate reduction 
biodegradation) would be beneficial.  
• An oxidant that is safe to handle and transportable would be required. The 
aggressive reactivity of H2O2 can cause concerns when applied at high 
concentrations whereas S2O82- is slightly more predictable and easier to 
handle making it more applicable in field setting.  
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In order to identify other treatment methods that may be more effective at 
remediating sites (especially LNAPL sites), a screening tool is needed. The laboratory 
experiments discussed in Chapters 2, 3, and 4 took between 250-300 d to complete. A 
model that would screen out the treatment methods that are unlikely to succeed prior to 
applying them in the lab would allow for a narrowing down of potential treatments and 
application requirements. Model characteristics that would be helpful include: 
• A two-dimensional system that would predict variability of the oxidant 
and COC in the higher permeability region during treatment. 
• The ability to change concentration of oxidant in the higher permeability 
region with time allowing for pre and post treatment assessment and 
rebound. 
• Adjustment of reaction rate to COC concentration, partitioning from the 
NAPL to dissolved phase for reaction, effects on soil organic matter and 
metals in the soil, and limitations to reaction from oxidant concentration. 
• Prediction of mass of oxidant diffused, depth diffused, extent and time of 
treatment, and time of rebound to a new steady state.  
• Incorporating effects of secondary treatment benefits due to reaction 
byproducts that may assist contaminant removal.  
Both the model and the laboratory tank experiments represent idealized conditions 
where complete contact and distribution to the interface can be controlled yet conditions 
like this are likely not present in field settings. Because of this, a proof-of-concept field 
application is needed to determine if adequate contact and distribution at sufficient 
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concentration for sufficient time for the target treatment is achievable in a field setting. 
This would identify any limitations or possible benefits (such as slower flow for longer 
oxidant persistence above target treatment zone) present at field sites. To be fully 
applicable, a sufficient field site conceptual model is needed to verify that the source of 
groundwater contamination is dissolved or NAPL contained in a lower permeability 
region and not residual NAPL in the higher permeability zone. It would also be 
imperative to monitor the site until the system had rebounded to a new steady state.  
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I.0 OVERVIEW OF METHODS USED 
 
Table I.1 
Overview of Sample Volumes and Analytical Methods Used 
Analysis for: Sample collected from: 
Volume 
collected: Analysis used: 
Lab volatile organic 
carbon (VOC) Effluent 3 ml or 30 ml EPA method 8260B 
Lab VOC Lower permeability sand 500 µL EPA method 8260B 
Field VOC Direct push PVC 
wells 40 ml EPA method 8260B 
Light non-aqueous 
phase liquid 
(LNAPL)  
Field and Lab 20 g soil EPA method 5035 
Persulfate 
Lower 
permeability sand 
and tank 
200 µL Wahba et al. 1959 
Sulfate 
Lower 
permeability sand 
and tank 
100 µL 
HACH SulfaVer® 4 
Sulfate Reagent Powder 
Pillows 
pH 
Lower 
permeability sand 
and tank 
drop pH 0-14 Universal indicator 
Hydraulic 
conductivity Tank  
Falling head and constant 
head 
*Lower permeability 
sand=8*10-5 cm/s 
** Higher permeability 
sand=5*10-2 cm/s 
Field water quality 
parameters 
Field direct push 
wells 4-20 L 
YSI (556MPS) 
meter 
 
I.1 SAMPLE ANALYSIS 
I.1.1 Volatile organic hydrocarbon water sample analysis. An SRI® gas 
chromatography system (GC) equipped with a flame ionization detector (FID) set on high 
gain and a Restec MXT®-5 30 m 0.53 mm ID column (GC-FID) was used to analyze 
VOC water samples. The GC-FID flow rates were set at 25 ml/min for hydrogen and 250 
ml/min for air. The carrier gas was helium and was set at 19 ml/min. This method was 
used for the quantification of all the lab and field water samples. The GC temperature 
  153 
profile started at 40°C, held for 0.5 min, ramped at 10°C/min to 220°C then held at 220°C 
for 3 min. Sample analysis was conducted using a heated headspace analysis (EPA 
method 8260B) where the samples were placed upside-down in a water bath held 
constant at 42°C. 
Lab water samples were collected in 40 ml VOA vials (30 ml of sample with 10 
ml of headspace). Samples were analyzed by injecting 500 uL of headspace from the vial 
onto the GC.  
The GC was calibrated to a linear regression with a zero y-intersect. The linear 
equation of best fit was used to convert GC area counts to mg/L water concentrations. To 
perform the calibrations, a stock solution in methanol of all chemicals was made at a 
10,000 mg/L concentration. The vial was vigorously shaken once all chemicals were 
added to the methanol. Three milliliters of the 10,000 mg/L mixture was then added to 27 
ml methanol for a 30 ml stock concentration of 1,000 mg/L. This process was repeated to 
make a 100 mg/L and a 10 mg/L stock solution.  
 At this point, 30 uL of each stock solution (10,000, 1,000, 100, and 10 mg/L) 
were added to separate vials containing 30 ml of reverse osmosis (RO) water for a 
calibration of 10, 1, 0.1 and 0.01 mg/L. This calibration range was used for all 
hydrocarbon chemicals except octane. The initial 10,000 mg/L stock solution only had 
1,000 mg/L octane such that octane was calibrated from 1 to 0.0001 mg/L. 
I.1.2 Gas constituent analysis: CO2, O2, N2. Gas samples were analyzed using 
an SRI® GC equipped with a thermal conductivity detector (TCD) for carbon dioxide, 
oxygen, and nitrogen. A TCD-CTR I stainless steel column 5’x1/4”x120” (Alltech 
associates, Inc.) was used with a temperature program starting at 40°C and holding for 2 
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min then ramping at 15°C/min to 120°C. The sample was a 500 µL gas injection that was 
diluted as needed with a lower detection limit of 1% for O2 and 3.7% for N2. 
I.1.3Field groundwater sample collection (VOC’s and water quality). The 
water was pumped using Watts RPEB ¼-inch OD poly tubing that went down the well 
and then connected to a Cole Parmer® Instrument Company Masterflex® Console Drive 
with a Cole Parmer® Masterflex® L/S® Easy-Load® model 77200-62 pump head that 
used Masterflex® 06404-15 Norprene® tubing for the peristaltic head.  Field water 
quality parameters were first collected. Once the water quality parameters stabilized, the 
groundwater sample was pumped into 40 ml volatile organic analysis (VOA) vial that 
contained HCl (1 ml to decrease the pH<2) to preserve the sample; samples were 
collected in a way that there was no head space. Duplicate samples were collected every 
10 samples. The sample vials were then put on ice and held at or below 4°C until the 
hydrocarbon analysis could be performed (approximately 7 d). 
Prior to VOC analysis, 10 ml of sample was extracted from each sample using 
two syringes inserted into the vial through the septum caps. One syringe was filled with 
air and the other was used to remove the liquid to minimize volatile losses. As the 10 ml 
was being removed, 10 ml of air was injected to replace the volume and maintain the 
pressure of the vial. The groundwater samples were then analyzed using the GC-FID 
heated headspace analysis as discussed above.  
I.1.4 Field water quality parameters measurement. Water quality parameters, 
including dissolved oxygen (DO), oxidation reduction potential (ORP), specific 
conductance, pH, and temperature, were measured by pumping water from the well into a 
constant head overflow cell with the YSI (556MPS) meter submersed in the cell. Water 
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was pumped through the constant head cell until the YSI measurements stabilized (about 
5-20 L). At this point, the water quality parameters were recorded.  
I.1.5 NAPL samples analysis. Non-aqueous phase liquid (NAPL) concentrations 
were determined by placing 50 µL of the NAPL mixture in 20 ml of methanol then 
injecting 1 µL of the solution on a GC-FID (EPA method 5035). The same GC, gas flow 
rate, and temperature profile was used for the NAPL samples as was used for the 
dissolved samples.  The one difference was that the GC was set at low gain for the NAPL 
sample analysis and set at high gain for the water samples.  
NAPL calibrations for lab samples were done by injecting the volumes from 
Table I.2 into 20 ml of methanol. The subsequent calibration concentrations are also 
shown in Table I.2. 
Table I.2  
Lab Calibration Solutions for NAPL Concentration Measurements and Soil Extractions 
of Methanol 
 
 Calibration (mgi/ml methanol) 
 
µL 1 2 3 4 5 
MTBE  1 0.037 0.018 0.0037 0.0018 0.00037 
Benzene 1 0.044 0.022 0.0044 0.0022 0.00044 
Toluene 10 0.43 0.22 0.043 0.022 0.0043 
octane 10 0.35 0.17 0.035 0.017 0.0035 
ethylbenzene 10 0.43 0.22 0.043 0.022 0.0043 
p-xylene 10 0.43 0.21 0.043 0.021 0.0043 
o-xylene 10 0.44 0.22 0.044 0.022 0.0044 
n-propylbenzene 10 0.43 0.21 0.043 0.021 0.0043 
135 TMB 10 0.43 0.22 0.043 0.022 0.0043 
 
Calibration solutions for the field samples were made with pentane, hexane, 
heptane, and octane. This allowed for quantification of hydrocarbons less than C6, 
between C6 and C7, between C7 and C8, and greater than C8. Total petroleum hydrocarbon 
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(TPH) was also measured. This solution was used to make 10 x dilutions for three 
different NAPL concentrations. This was done to mimic the concentrations expected in 
the NAPL mixtures. Table I.3 shows the calibration range for the field soil samples. 
Table I.3  
Field Soil Samples Calibration Stocks. 
 
 Calibration (mgi/ml methanol) 
 
µL  1 2 3 4 
Pentane 0.799 0.002 0.001 0.0002 0.00002 
Hexane 0.764 0.002 0.001 0.0002 0.00002 
Heptane 0.731 0.002 0.001 0.0002 0.00002 
Octane 0.711 0.003 0.001 0.0003 0.00003 
TPH 3.005 0.01 0.005 0.001 0.0001 
 
Approximately 20 g of soil was collected from a soil sample (either a field soil 
core or a lab samples) and placed in 20 ml of methanol in a 40 ml VOA vial (EPA 
method 5035). For the field soil cores, three samples were taken from each core. One 
from the top, middle, and bottom of each core with one replicate taken from each core.  
The vial was sealed, inverted, and refrigerated (at 4°C) until analysis was performed.  
A 1 µL direct liquid injection was used to analyze the concentration of 
hydrocarbons extracted in the methanol solution. The soil was weighed after the analysis 
instead of before to minimize soil handling time prior to analysis. The soil mass was used 
to convert the measured VOC mass to mg VOC /kg soil concentrations.  
I.1.6 Well construction. For the field work discussed in Chapter 2 and in 
Appendix XI, water sampling was performed using direct push, 2.54-cm diameter PVC 
wells. Sand was added around the screen section of the PVC wells and bentonite was 
used to seal the wells. After installation, each well was pumped until water quality 
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parameters from the water being produced by the well stabilized (approximately 20 L of 
water per well) 
I.1.7 Sodium persulfate samples analysis. Sodium persulfate concentrations 
were measured using a sodium thiosulfate iodometric titration method (Wahba et al. 
1959). The sodium thiosulfate normality was determined by using a solution of 0.05 g 
potassium dichromate/L (10 ml), 1 ml sulfuric acid, and 1 g of potassium iodide 
(AMRESCO ASC grade). The solution was titrated using the sodium thiosulfate solution 
made at approximately 0.01 N. As the color disappeared, 1 ml of dissolved potato starch 
was added and it was titrated to white. The normality of the sodium thiosulfate was then 
calculated based on the titration volume.  
A 200 uL sample was collected and placed in a 15 ml solution of potassium 
iodide (133 g/L) and sodium bicarbonate (33.3 g/L BDH 99.7-100.3%). It was then left 
for 15-20 min in the dark. After that, 1 ml of acetic acid (Alfa Aesar 99.7% purity) was 
added and mixed with the solution. The mixture was then titrated with an approximately 
0.01N sodium thiosulfate solution (Amresco sodium thiosulfate anhydrous reagent grade) 
containing 1ml/L chloroform. When the brown coloring was almost gone, 1 ml of 
dissolved potato starch (Spectrum starch potato powder) was added such that the solution 
becomes a dark purple (almost black). It was then titrated to clear. The volume of 
thiosulfate solution required to titrate to clear was used to quantify the sodium persulfate 
in the 200 uL sample using the molarity relationship between the two solutions.  
The concentration of sodium persulfate measurable using this method is >0.04% 
w/w sodium persulfate since the dropper used measured in 0.05 ml increments. This 
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detection limit could decrease if a larger sample was collected but this could deplete the 
source composition. (Wahba et al. 1959) 
For the sodium persulfate, the error was determined by considering that the 
titration process allows for titration volumes of 0.05 ml (limitation of volume 
measurement). The error between the duplicate Na2S2O8 samples collected was +/-7%.  
I.1.8 Sulfate samples analysis. Sulfate samples were collected from the lower 
permeable sand (hydraulic conductivity of 8*10-5 cm/s) and the higher permeable sand 
(hydraulic conductivity of 6*10-2 cm/s) during snapshots of the NAPL tank (method of 
sample collection described below). The sulfate concentration was measured using the 
HACH SulfaVer® 4 Sulfate Reagent Powder Pillows. The samples were then analyzed 
on a HACH DR 5000. Since this method requires 10 ml samples, 100 µL from the tank 
were diluted in 10 ml of RO water prior to sampling. The range of this method is 2-70 
mg/L so with the dilution, the range became 200-7,000 mg/L. The 95% confidence error 
associated with this method is +/-17%. 
 To prevent decomposition of persulfate into sulfate once the samples were 
collected and before analysis, each sample was placed on ice or held in the refrigerator at 
4°C until analyzed to quench the persulfate degradation. 
I.1.9 pH samples (in tank during and after base activation Ch 4). Large water 
samples taken from the tank will have an effect  on the VOC emissions and will induce 
advective flow in the lower permeable region, thus to negate this problem, the tank 
effluent pH was measured using pH-indicator strips (pH 0-14 Universal indicator) which 
require small sample volumes. This testing approach resulted in an accuracy of +/- 1 pH. 
Though this level of uncertainty is more than a pH probe, given the negative effects of 
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large sample volumes and the fact that the primary concern with pH was maintaining it 
about pH 10, this level of uncertainty was deemed acceptable.  
I.1.10 Determining hydraulic conductivity. The hydraulic conductivity of the 
sands used was determined through either the falling head procedure or a combination of 
the falling head and constant head procedure. For the more hydraulically conductive soils 
(i.e. the lower permeability soil used with a K=8*10-5 cm/s), both the falling head and the 
constant head were used and the average of the two was taken for the conductivity. Since 
the lower hydraulic conductive soils were relatively impermeable, only the falling head 
test was used. The test was done in triplicate and the average of the three tests was used. 
The constant head test requires the collection of the water that passes though the sample 
column. Since this was such a slow process, it was likely that losses due to evaporation 
would affect the results. For this reason, the top of the reservoir was partially covered 
such that evaporation losses would be minimized but that it was still open to the 
atmosphere. The falling head test was done over the course of 24-48 hrs. The hydraulic 
conductivity was then calculated using Darcy’s law.  
I.1.11 Determining fraction of organic carbon (foc). The foc of the soils was 
measured by weighing 20-35 g of soil in aluminum tins and then drying them in the oven 
at 105° C for 24 h to remove all water. They were then reweighed and then placed back 
in the oven for 24 h at 440° C. They were then reweighed. The difference between the 
dry weight and the super-heated weight was the organic carbon content of the soil.  The 
foc for the play sand was 0.0048 and for the lower permeable sand was 0.0045. 
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I.2 TANK DESIGN AND METHODS 
 The basic schematic of the tank and the non-aqueous phase liquid (NAPL) 
treated tank are shown below in Figure I.1. In the front of the stainless steel tank, there is 
a glass front for visual observations and for sampling port installations.  
 
Figure I.1. Example of the schematic and photo of tank used during experiments. Note 
that this tank is from the NAPL experiments.  
 
I.2.1 Tank Setup. All tanks were designed in a similar fashion. Two 21-in long x 
0.5-in diameter stainless steel Geoprobe® gas sampling rods were placed inside the tank 
to control flow (black vertical rods shown in Figure I.1). One was for the influent and the 
other for the effluent. They were both placed just above where the interface between the 
lower and higher permeability sand was going to be (Figure I.1). The tubing that 
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introduces water into the influent Geoprobe® rods as well as the tubing that collects the 
effluent water from the downstream Geoprobe® rods were connected with a T; one side 
of the T led to either the influent or the effluent tube and the other end of the T led to the 
head devices that showed the influent or effluent head. The effluent line was connected to 
a stainless steel tube that was open to the atmosphere so that a constant head was 
maintained on the effluent side. The head device is shown in Figure I.2. 
 
Figure I.2. Head control and head difference device used in tank experiments. 
Influent water was deoxygenated prior to entering the tank, using a nitrogen 
sparging system shown in Figure I.3. The water was fed at a faster rate than the pump 
leading to the tank (about 4 ml/min to nitrogen sparging system and 3.5 ml/min to tank 
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from nitrogen sparging system). The excess water overflowed back into the feed water 
container (0.5 ml/min). There was a fish bubbler in the PVC container that sparged water 
with nitrogen at 80 ml/min.  
There was a second reservoir that was fed by water from a port located at the 
bottom of the PVC sparging reservoir that then fed the pump that led to the tank. This 
ensured that all water entering the tank had spent some time and passed by the nitrogen 
bubbles. The DO leaving the second reservoir and entering the tank was <1 mg/L. The 
sparging system can be seen in Figure I.3. 
 
Figure I.3. System designed to provide low oxygen concentration water to the tank to 
minimize biological activity (photo from tank on left, schematic of design on right) 
 
 The front of the tank contained a 32x32 in Plexiglas with ¼” Swagelok sampling 
ports drilled into it (Figure I.4). The sampling ports included Restek septa to seal the 
opening so that samples could be collected from the ports using a needle and syringe. 
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There was also a sampling port placed on the downstream effluent tube so that effluent 
samples could be collected (Figure I.4). 
 
Figure I.4. Sampling port with green septa for accessing water samples inside tank (left) 
and sampling port for effluent samples (right). 
 
The two persulfate treatment tanks were packed nearly identically except that the 
NAPL persulfate tank had the top 10 cm of the lower permeable sand mixed with NAPL 
prior to packing. The sand properties are shown in Table I.4.  
Table I.4  
Sand Properties Used in Tank 
 Material Porosity 
(volume 
voids/volume 
total) 
FOC (mass 
organic/mass 
total) 
Hydraulic 
conductivity 
(cm/s) 
Low K 
sand 
20% w/w 200 mesh silica 
sand and 80% w/w 120 
mesh feldspar sand 
0.34 0.004 8 x 10-5  
High K 
sand 
Quikrete® 50 lb Play 
Sand® 99-99.9% by 
weight crystalline silica 
retained in 50 mesh sieve 
0.37 0.005 6 x 10-2  
 
The lower permeable sand was placed first inside the tank since it was the bottom 
layer. It was packed dry so that maximum compression was possible. Packing was done 
  164 
by creating vibrations through repeated hitting of the stainless steel tank with rubber 
mallets until there was no further settling of the sand. In addition to vibrations, tamping 
of the interface with a wood slab attached to a long rod was done so that the top section 
would not be fluffed due to the vibrations. The lower permeable sand was added until its 
interface was level with the bottom nut on the Geoprobe® rods so that only the screened 
section is in the higher permeability region and there is no screen section in the lower 
permeability sand.  
The higher permeable material was chosen because of its conductivity, low 
organic content, buffering capacity, and particle size. The low organic content minimized 
sorbtion of the contaminants while the buffering capacity prevented the system from 
going acidic during persulfate treatment. The particle size, while creating the desired 
permeability, also was such that clogging of the needles during sampling was minimized. 
The higher permeable sand was placed above the lower permeable sand and then vibrated 
into place though hitting the tank with the rubber mallets. This was done until there was 
no additional settling of the sand.  
Above the higher permeable sand, pea gravel was added to break the capillary 
rise. Once all the sand was packed, the tank lid was placed on and bolted into place. After 
the tank was saturated, the opening at the top was sealed with a Teflon bag that was half 
filled with nitrogen to prevent the tank from pressurizing. 
I.2.2 Establishing flow field and average liner velocities. It was critical for the 
experiment to have relatively uniform flow field.  To test and verify this, fluorescein dye 
tracer was added after packing the tank. If a non-uniform field was encountered the tank 
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would be emptied and repacked.  Following each treatment another dye tracer was used 
to determine the effects of the treatments on the flow field.  
Tracer tests were done at the start each tank experiment, after treatment, and at the 
end of the tank experiment before disassembly. Tracer tests were only done after 
persulfate was no longer measurable in the tank since the persulfate can cause fluorescein 
to settle out of suspension as seen from side experiments. The side experiments involved 
placing 30 ml of 10% w/w Na2S2O8 into a VOA vial and adding 1-3 g of fluorescein. The 
fluorescein was observed to not dissolve in the solution but turn the solution orange as 
opposed to green. 
A solution of approximately 1 g/L fluorescein was used as the influent to the tank 
long enough that a band of dyed water with clearly visible the leading front and the 
trailing edge could be used to verify flow uniformity. The dye test also established the 
average linear velocity for the tanks by measuring the time it takes for the fluorescein to 
travel a certain distance in the system. This was done as shown for the dissolved 
persulfate tank in Figure I.5. 
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Figure I.5. Flow field tracer and estimated linear velocity. 
The water flow rate across the tank was set at 1-1.3 ft/d in order to simulate 
natural groundwater flow (usually ranging between 0.02-7 ft/d (Todd and Mays, 2005)) 
and have a flow that would allow experiments to be conducted in a timely manner. 
Simulations using USGS’s MODFLOW program were conducted using the measured 
values for hydraulic conductivities and flow velocities to ensure that these rates would 
not cause water to flow through the lower permeable sand. 
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The hydrogen peroxide treated tank was used to mimic treatments that were done 
in the field. For this reason, the peroxide treatment velocity was established by altering 
three dimensional field conditions to two dimensional lab conditions. The volume of 
peroxide observed being injected into a well at a field site along with the injection well 
screen at the site was used to estimate the average linear velocity of the injected solution 
at varying distances from the well (Figure I.6). This velocity profile was used to design 
the linear velocity of the peroxide solution for the first 20 h of treatment. Since the flow 
field of the 2-D experiment was 1.2 m, the average linear velocity in the field (at 1.2 
m/2=0.6 m) was used to determine the average linear velocity in the tank. The porosity of 
the soil (assumed 0.35) and the height of the injection screen (25 cm) was then used to 
determine the flow rate of peroxide to achieve this velocity (11 ml/min).   After 20 h, the 
peroxide had still not reached the effluent so the rate was increased to the velocity 
expected at 0.3 m from a radial injection well (Q=15 ml/min).  
 
Figure I.6. Velocities based off distance from borehole assuming radial flow.  
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 I.2.3 Dissolved Mixture Source Creation. The creation of the dissolved source 
was designed to mimic a typical dissolved plume. The mass fractions of the MTBE, 
benzene, toluene, ethylbenzene, and p-xylene were selected based off the weathered 
gasoline sample presented in Johnson et al. (1990). The total concentration was chosen to 
ensure that emission rates from the dissolved source would be within the calibration 
range of the GC but low enough to be representative of what is found in the field. The 
target concentrations along with the average of what actually went into the system are 
shown in Table I.5.   
Table I.5  
Dissolved Source Concentrations 
 Concentrations (mg/L) 
Chemical Goal Control Tank Treated Tank 
MTBE 40 37 41 
Benzene 16 12 14 
Toluene 32 20 26 
Ethylbenzene 14 7 11 
P-Xylene 11 7 8 
  
 A 12 liter glass carboy with a spigot near the bottom was used to make the 
mixture. The carboy was filled with DI water and then nitrogen sparged. A rubber bong 
with holes in the top was used to seal the system. The holes were sealed with 10 L tedlar 
bags filled with nitrogen to ensure atmospheric pressure during the gravity feeding 
process, minimize the vapor losses, and keep the DO of the feed solution low.  Each 
compound listed in Table I.5 was added to the carboy with about a 10% increase in 
volume that was suggested by the goal concentration formula. This was done to account 
for losses during the preparation and flooding processes.  
  169 
 The mixture was then sampled to ensure it was within 20% of the goal 
concentration. The mixture was then placed on a tall shelf and allowed to gravity feed 
into the tank from the bottom up. The head in the tank was kept low (about an inch above 
the lower permeable layer) to increase the head difference between the tank and the feed 
solution. Each day the remaining solution in the carboy was measured and a new 
dissolved mixture was made. Additional component mass was added to the carboy to 
account for decreases in remaining solution concentration to bring it back up to the goal 
concentrations.  
 Ports in the lower permeable soil were measured to track the progress of the 
components. As expected, the less retarded chemicals flooded through the system the 
fastest. The flooding process continued until there was a uniform concentration profile of 
all the chemicals throughout the lower permeable system. The final profiles can be seen 
in Figure I.7.  
 
Figure I.7. Initial profile comparison between the control and the persulfate treated tanks. 
Higher/lower permeability interface is located at approximately 60 cm in this figure 
(Higher K above 60 cm, lower K below 60 cm). 
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 I.2.4 NAPL Mixture Source Creation. For the NAPL tank, the lower permeable 
sand was packed into the tank up to 48 cm. Then 10 cm of NAPL mixed lower permeable 
sand was added to the top and packed. Once the lower permeable sand was in place, the 
higher permeable sand was added, followed by pebbles and then the lid was bolted on. 
 The NAPL sand was made by mixing 295 ml of LNAPL with 19.44 g of lower 
permeable sand. The sand was put in a cement mixer where the LNAPL was then placed 
on the sand. The cement mixer was then sealed with aluminum foil and then allowed to 
mix for 30 min with periodic banging of the sides to prevent sticking of the NAPL. After 
mixing, 3 soil samples were collected. The LNAPL mixed sand was placed in metal 
buckets with lids, transferred to the tank, and then packed into the tank as quickly as 
possible.  
 Once the higher permeable sand was added and the lid was bolted on, 3 more soil 
samples were collected from the buckets used to store the LNAPL/sand mixture to 
estimate the hydrocarbon loss due to packing. Twenty grams of the LNAPL/sand was 
added to 20 ml of methanol and analyzed as described above. This provided some insight 
into how much LNAPL was initially added in the lower permeability layer accounting for 
the loss of LNAPL to volatilization due to the time it took to pack the sand into place.  
 The tank was then flooded from the bottom upwards. It was flooded until the 
lower permeability sand was saturated and then the bottom flooding was stopped and 
horizontal flooding in the higher permeable region started. This was done to minimize the 
volume of water that passed through the NAPL source to decrease losses due to 
dissolution and volatilization. 
  171 
 The mass fraction desired, mass fraction made (to try and compensate for losses 
during packing), and mass fractions measured in the post packing buckets are shown in 
Table I.6. N-Octane was used as a source release compound since it has a lower solubility 
relative to the other compounds so the remainder of the mass fraction was comprised of 
octane. Due to issues during packing and effects on the interface surface area, the first 
tank was disassembled after being in operation for a week. The percent of NAPL lost 
between what was measured from the cement mixture and what was measured from soil 
samples collected inside the tank are also included in Table I.6.  
Table I.6  
LNAPL Mass Fractions from Experiment  
 Goal: 
Johnson et al. 
(2009) 
Added Measured 
in soil 
Concentration 
in soil 
(mg/kg) 
% Lost during 
packing* 
MTBE 0.0021 0.018 0.216 160 99 
Benzene 0.0076 0.027 0.013 98 66 
Toluene 0.055 0.107 0.081 601 43 
Ethylbenzene 0.0957 0.087 0.083 615 25 
p-Xylene 0.0957 0.086 0.086 637 24 
o-Xylene 0.0957 0.084 0.088 652 24 
n-Propylbenzene 0.0841 0.074 0.077 570 17 
1,3,5 TMB 0.0411 0.036 0.041 307 19 
n-Octane  0.481 0.510 3780 36 
*measured from a different tank 
I.2.5 Tank Effluent sample collection. The effluent sample was collected by 
closing the valve shown in Figure I.4 (downstream of sampling port shown also in I.4) 
and pulling 3 ml from tank using a 5 ml glass syringe. The 3 ml of sample was added to a 
40ml VOA that already contained 27 mL of RO water. The 3 ml sample volume was 
chosen because it kept all the hydrocarbons within the calibration range for the GC (all 
concentrations being diluted 10x by pulling only 3 ml) and it did not disturb the tank such 
that the flow at the interface did not increase during sampling which would have caused a 
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dilution of the samples due to lower interface contact time. Variations in sampling 
volumes and frequencies were done to insure that the sampling did not impact the 
concentrations measured from the effluent.  
If the effluent sample concentrations were too low to quantify using the 10x 
dilution, the effluent tubing was disconnected and 30 ml was collected. For the dissolved 
tank, this was done by allowing the 30 ml to pore directly into the 40 ml VOA vials. 
Since this did disturb the emission from the lower permeability soil, these samples were 
collected every 4 d so that the tank could recover between sampling. This was verified by 
comparing 3 ml and 30 ml samples and varying the duration between sampling event to 
see that values using this method were repeatable. For the NAPL tank, the 30 ml samples 
were collected by using a 60 ml glass syringe at the effluent. The 30 ml were pulled over 
the course of 7.5 min. This was seen to have little to no impact on the emission rate 
measured from the system.  
I.2.6 Low K Sample Collection. Lower conductivity samples were collected 
using a 500 uL glass syringe with a B-D 25G5/8 Precision Guide® needle that was 
inserted into the sampling port (see Figure I.4) and pressurized by pulling the syringe 
plunger to the end of the syringe until 300-500 uL of sample was collected; this process 
typically took between 5-120 min to collect. If air bubbles formed, they were tapped from 
the syringe and pushed out. The sample was then added to a 40mL VOA containing 
30mL of RO water.  
 To determine the error associated with the lower conductivity sand samples, 
duplicate samples had been collected after every 10 samples. The average from each 
chemical for each sample pair was calculated and the percent difference between the 
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average and the sample was used to determine the error associated with that sample. The 
absolute value of the percent difference was used to determine a 95% confidence interval 
of the sample and analysis procedure. This produced a +/- 30% error from the lower 
conductivity hydrocarbon sample and analysis. This is a reasonable error considering 
there was a 60x (or higher) dilution factor applied to all measurements and the sampling 
procedure involved some aeration. The paired samples are shown in Figure I.8 where the 
dashed lines represent the 95% confidence interval and the solid black is a 1/1 slope. 
 
Figure I.8. Duplicate sample comparison including 95% confidence interval for 
hydrocarbon sampling of the lower conductivity sand.  
 
 The error associated with the mass calculations is slightly less than for the sample 
measurements because the percent error is higher for higher concentrations than for 
lower. With this taken into consideration, the resulting errors associated with the 
hydrocarbon mass in the lower conductivity sand for the dissolved systems is +/- 23% 
and for the sodium persulfate mass, the error is +/- 8.8%.  
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APPENDIX II  
DISSOLVED TANK PROFILE PLOTS 
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This section presents persulfate-treated and control tank concentration profiles. Note that 
the higher/lower conductivity interface is at approximately 60 cm and the error associated 
with the measurements are approximately +/- 30%.  
II.1 Persulfate-Treated Tank Profiles 
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II.2 Control Tank Profiles 
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APPENDIX III 
NAPL TANK PROFILES FROM TREATMENT TANK  
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Snapshots were taken from the lower permeability region of the NAPL tank 
approximately once a month and before and after treatment events. The discussion of 
what was discovered during the NAPL tank operation and treatment can be found in 
Chapter 4. This appendix incorporates the profile plots that were not included in Chapter 
4. Hydrocarbon concentration locations that show n-octane above 0.7 mg/L are likely 
points where NAPL was collected in the sample and are therefore non-representative of 
the dissolved concentration at that point.  Errors from the dissolved hydrocarbon 
concentrations (assuming a 95% confidence interval based on duplicate samples) are +/-
30%, for S2O82- (reported as Na2S2O8) are +/- 8%, and for sulfate are +/- 17% 
Initial Profile: 
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Before Initial Treatment: 
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After First Sodium Persulfate (Na2S2O8) Treatment (13 d Na2S2O8): 
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After 28 d of Sodium Hydroxide (NaOH) Addition: 
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After Second Na2S2O8 Treatment: 
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Thirty Days Post Treatment: 
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Sixty Days Post Treatment: 
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After 14 d of NaOH Added: 
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After 14 d of Na2S2O8 Treatment: 
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One Month After Last Treatment: 
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Sixty Two Days After Last Treatment: 
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Final tank profiles: 
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Comparison of Total Left, Center, and Right Hydrocarbon Concentrations:  
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Comparison of Total Left, Center, and Right Hydrocarbon Concentrations (continued): 
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Comparison of change in mole fraction between the pre and post tank operation NAPL 
concentration for the treated and control tank for the left, center, and right. The location 
labeled 1 is just below the higher/lower permeability region and 5 is the lowest point in 
the NAPL region just above the clean lower permeability sand. Error is +/- 17%. 
 
 
  
  198 
APPENDIX IV  
ONE-DIMENSIONAL COLUMN EXPERIMENT TO LOOK AT PERSULFATE 
DIFFUSION INTO DISSOLVED HYDROCARBON SOURCES IN LOWER 
PERMEABLE SAND 
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IV.1 INTRODUCTION 
Sodium persulfate was the oxidant selected to look at diffusive treatment of a 
dissolved source contained in a lower permeable sand due to its ability to react with the 
hydrocarbons of interest and its slower reaction rate which would allow for diffusive 
transport. The source contained dissolved methyl tert-butyl ether (MTBE), benzene, 
toluene, ethylbenzene, and p-xylene (BTEX) at concentrations typical of a dissolved 
plume from a gasoline site. This was determined by using the Fick’s Law; Ci=Xi*Si 
where Ci is the dissolved concentration of contaminant i, Xi is the mole fraction of 
component i in the NAPL source and Si is the saturation concentration of component i in 
a solution of water in its pure phase (mgi/L water) with values provided in Johnson et al. 
(1990). According to Huang et al. (2005), persulfate can readily degrade BTEX 
compounds. However, it is thought that MTBE may not be degraded under non-activated 
persulfate treatment in porous media (SERDP, 2011).  
Two 5 cm diameter PVC columns were constructed and operated identically 
except that one had 14 d of sodium persulfate in the top, higher conductivity sand while 
the other had 14 d of the same density sodium chloride solution in the higher conductivity 
sand. After the 14 d, both columns experienced the same, low flow sweep of water 
through the higher conductivity sand. Samples were collected from the lower 
conductivity sand and differences between the profiles were used to identify the treatment 
done by the sodium persulfate. The goals of these column tests were to determine, under 
static conditions, if sodium persulfate could diffuse into a lower conductivity material 
and if it could create a clean zone over which diffusion would occur.  
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IV.2 METHOD 
 Two vertical columns were constructed from a 5 cm diameter PVC, with each 
containing approximately 75 cm of lower permeability sand covered with about a 25-cm 
thick higher permeability sand layer as shown in Figure IV.1 below.  Water samples were 
collected throughout the column through 12 ports placed along the PVC (swagelok® ¼ in 
fittings sealed with Septa Thermolite® Shimadzu Plugs). One sampling port was placed 
in the higher conductivity region and 11 were in the lower conductivity region. There was 
a higher density of sampling ports placed near the higher/lower conductivity interface (6 
spaced approximately 2 cm apart) and then the ports were spaced further (6 spaced 
approximately 4 cm apart) with the final port being at the bottom acting as a control 
point.  
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Figure IV.1. One dimensional column designs. Persulfate solution (in A) or equal density 
salt solution (in B) initially and then water in both columns. The persulfate/salt solutions 
were replaced periodically to maintain constant upper boundary conditions. The higher 
permeability layers in both columns were initially flooded with dissolved component 
mixtures from the bottom up until uniform concentrations profiles were achieved.   
 
 The lower permeability sand is composed of about 20% w/w 200 mesh silica 
sand and 80% w/w 120 mesh feldspar sand. This mixture has a hydraulic conductivity of 
about 8 x 10-5 cm/sec, a porosity of approximately 0.34, and a fraction of organic carbon 
of 0.004.  The higher permeability sand was derived from commercial play sand 
(Quikrete® 50 lb Play Sand® 99-99.9% by weight crystalline silica) through sieving to 
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remove particles finer than 50 mesh. It has a hydraulic conductivity of about 6 x 10-2 
cm/sec and a foc of 0.005. A slightly less clean sandy material was used for this test than 
for the H2O2 experiments in order to provide additional natural organic matter to compete 
with the oxidant, to provide more impurities that could activate the persulfate, and to 
provide more of a natural buffering capacity to keep the pH in the soils in the natural 
range (at approximately a pH of 4-6).  Otherwise, the pH in the soils would decrease to a 
pH of 2 or 1, as was occurring with a 20-40 mesh silica sand during pre-testing (Figure 
IV.2).   
 
Figure IV.2. Measure of the ability of the Play Sand’s® ability to buffer acid addition 
compared to water and the 20/40 mesh clean drilling silica sand (800 g soil, 240 ml DI 
water with increasing addition of sulfuric acid). 
 
 Both water-saturated columns were prepared with the same initial condition – 
relatively uniform vertical concentration profiles in the lower permeability layers. This 
was accomplished by a gravity-driven upward flooding from the bottoms of the columns, 
using the same dissolved hydrocarbon feed solution.  The upward flow (and discharge 
from the top of the columns) was maintained until the upper-most sampling port (located 
in the high conductivity material) reached stable dissolved chemical concentrations.  
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Once all chemicals reached influent concentrations in the effluent, all the ports were 
sampled to assess the initial dissolved chemical concentration vertical profiles and to 
insure uniform vertical distribution of all chemicals in the mixture. The average feed 
solution concentrations and concentrations averaged across all sampling ports are 
provided in Table IV.1. 
Table IV.1  
Initial Conditions in Persulfate and Control Treatment Columns. 
 Average Concentrations (mg/L) 
 
MTBE Benzene Toluene Ethylbenzene P-Xylene 
Feed Solution 43.8 19.0 30.7 8.3 8.8 
Initial Persulfate 
Column 
Concentrations 
45.7 15.2 24.3 5.7 6.3 
Initial Control 
Column 
Concentrations 
45.7 15.4 25.0 5.8 6.7 
  
 The lower conductivity samples collected and analyzed were done using the 
methods described in Appendix I. For samples containing sodium persulfate, 3 g of 
ascorbic acid (Alfa Aesar® ASC 99+%) was added to the sample vial. The ascorbic acid 
was used to quench the persulfate in the sample so that no further degradation of the 
hydrocarbon would occur (Huling et al., 2011).  
After the initial vertical profile samples were collected and analyzed, clean 
nitrogen-sparged water was pumped at 0.5 mL/min into the top port of each column for 
16 h in order to flush dissolved contaminants out of the higher permeability sand and to 
create a zero-concentration boundary condition at the high/low permeability interface.  
The top port of each column is located in the higher permeability material approximately 
1 cm above the high/low permeability interface.  
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After the higher permeability zones were flushed of the initial feed solution, a 
10.4% w/w sodium persulfate (Na2S2O8) solution was injected for 6 h into the higher 
permeability zone of one column (the “persulfate-treated column”) while a 10% w/w 
sodium chloride water solution of similar density, but no reactivity was injected into the 
higher permeability zone of the other column (the “control column”) to replicate any 
density-driven non-reaction phenomena occurring in the persulfate column.  The 10% 
w/w sodium persulfate concentration was chosen based on the average oxidant injection 
concentrations ranging between1% and 20% w/w (SERDP 2011).   
The columns were monitored daily to insure that the persulfate concentration in 
the high permeability layer in the persulfate-treated column remained within the 9.5% - 
10.0% w/w range and that dissolved hydrocarbon concentrations in the high permeability 
layer of both columns remained <5% of the concentrations given in the Table III.1.  The 
latter was done to maintain an upward concentration gradient toward the high/low 
permeability interface.  If the persulfate concentration in the high permeability zone of 
the persulfate-treated column declined to <95% of the target concentration, or if the 
dissolved hydrocarbon concentrations in the high permeability zone in either column 
increased above 5% of the initial feed solution concentrations, then the fluids in the high 
permeability zones in both columns were replaced.  This was accomplished using a 
continuous flow method where the solution was injected into the column 1-cm above the 
high-low permeability interface and out through the valve at the top of the column at 0.5 
ml/min. Five days after starting the experiment, the persulfate concentration fell to 9.5% 
w/w, so both columns had their high permeability zone liquids replaced as discussed 
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above. This was the only time that it was required to replace the liquids during the two 
week treatment. 
Persulfate was maintained in the high permeability zone for two weeks; this time 
was thought to be conservative and was chosen based on consideration of the factors that 
might control actual contact times in field applications (bulk groundwater movement, 
persulfate dispersion, etc.).  Thus, after 14 d, the persulfate solution in the high 
conductivity zone was flushed out with water. The higher permeable materials of both 
columns then had a continuous flow of nitrogen sparged DI water pass though it at 0.5 
ml/min for the remainder of the column operation (until 211 d). This was done though 
injecting water into a 1/8” tubing located above the lower conductivity material, at the 
center of the column, just at the interface and flooding out the port on the top of the 
column. 
Dissolved hydrocarbon concentration (and sodium persulfate) profiles were 
measured vertically across the low permeability sand in both columns, and persulfate 
concentration profiles were measured in the persulfate-treated column at 0 d, 8 d, 15 d, 31 
d, 61 d, 91 d, 121 d, 151 d, 181 d, and 211 d into the experiment. The sodium persulfate 
measurements were analyzed using the method described in Appendix I.  
 
IV.3 RESULTS/DISCUSSION 
 The contour plots generated from the profile sampling are shown below (Figure 
IV.3) for each chemical with a comparison of the initial and final profiles for both 
columns for all chemicals (MTBE and BTEX). Note that samples collected from the 
lower conductivity material were diluted 60-80 times (depending on the sample volume 
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extracted). This, along with silt and slight sample aeration during the sampling process, 
may account for the variability seen in the column profile. The detection limit for these 
hydrocarbons is 5 ug/L but, with the required dilution, it decreases to 0.3-0.4 mg/L. A 
description of the error analysis used for the lower conductivity hydrocarbon and sodium 
persulfate measurements are shown in Appendix I. 
a)  
Figure IV.3. Profile measurements made of the dissolved hydrocarbon concentration and 
persulfate concentration in the persulfate-treated and control column along with an initial 
and final dissolved hydrocarbon concentration comparison. Note that the error associated 
with the hydrocarbon concentration is +/- 30%. 
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b)  
c)  
Figure IV.3. Cont. 
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d)  
e)  
Figure IV.3. Cont. 
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f)  
g)  
Figure IV.3. Cont. 
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The MTBE profiles shown in Figure IV.3.a shows profile comparison between 
the persulfate-treated and control column. There appears to be a much smaller decrease 
between the treated and control column for MTBE than for the other BTEX. There were 
measureable concentrations of MTBE throughout the treated column except in the top 2 
cm after 211 d. This region of the column experienced concentrations of sodium 
persulfate as high as 9.7% w/w during the column operation. The depleted zone (when 
comparing the persulfate-treated column to the control column) appears to be 16 cm with 
the maximum sodium persulfate concentration of 1.3%. Benzene had non-detect readings 
for the top 24 cm. At 24 cm deep, the highest sodium persulfate reading was 0.7%. For 
the remaining chemicals (toluene, ethylbenzene, and p-xylene), the non-detect levels 
spanned 28 cm where the maximum sodium persulfate concentration was 0.5%. For the 
control column, the gradient for all chemicals appeared to span 28cm. These treatment 
depths may be greater but the lack of sampling ports in the lower half of the column 
restricts the analysis of the true results. The assumption of 28 cm is therefore a 
conservative assessment. The maximum sodium persulfate concentrations are insightful 
since it is believed that persulfate may have a minimum concentration required for 
hydrocarbon degradation (Gavaskar, 2008).  
 A comparison of the MTBE and BTEX mass with time for both columns along 
with the persulfate mass measured in the persulfate column is shown below in Figure 
IV.4. The mass was determined though integration of the profiles in Figures IV.3 above. 
The loss of mass would be due to both reaction and diffusion from the column. One thing 
to note is that the bottom most port was designed to act as a control and the second to last 
port was expected to have no effect from the treatment. Since the persulfate did reach this 
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port, the integrations may not fully represent the concentrations since a linear integration 
method was used between ports. The effects should be felt on both columns so the 
comparisons should provide a reasonable estimate of the effects from the sodium 
persulfate diffusion. The mass of persulfate to mass of hydrocarbon degraded can be 
estimated by: 
(|aS	 −|aS	)}| −|~ − }| −|~ 
Where |aS	 and |aS	 are the mass of sodium persulfate initial and final respectively, 
| and | are the initial and final hydrocarbon mass in the treatment column 
respectively, and | and | are the initial and final hydrocarbon mass in the control 
column respectively. This will result in a mass of sodium persulfate to mass of 
hydrocarbon removal of 370 g sodium persulfate/g hydrocarbon removed.  
 
Figure IV.4. Total mass of dissolved chemical and sodium persulfate in the lower 
conductivity material with time. 
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The effects of the treatment process can also be seen when comparing the mass 
measured for each compound at each time. The following Figure IV.5 shows that there is 
no statistical difference between the mass measured in the treated column and the mass 
measured in the control column for MTBE but there was a difference for the BTEX 
compounds. What this also reveals is that the true effects of the treatment were not seen 
until 90 d (76 d after treatment stopped). After 90 d, there is no statistical difference seen 
in the mass measured in the lower conductivity sand.  
 
Figure IV.5. Normalized mass measured in lower conductivity sand. The 14 d treatment 
ended on 15 d.  
 
The effects of the treatment process can also be seen when comparing the change 
in mass of dissolved hydrocarbons in the low permeability zone of each column.  The 
mass shown in Figure IV.4 was calculated by vertically integrating the dissolved 
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concentration profiles through the low permeability zones in both columns.  From the 
mass plots, the majority of the mass decrease from the control column appears to occur in 
the first week and it was relatively unchanged after that. The mass in the persulfate-
treated column, on the other hand, decreased with time, albeit with a slowing rate of 
decrease with time. The sodium persulfate mass also decreased with time at a decreasing 
rate. Figure IV.5 also showed that the effects of the treatment continued until 90 d for the 
BTEX chemicals but there was no statistical difference in concentration for the MTBE 
even after 211 d.  
 The persulfate diffused during the two week delivery period was compared to the 
theoretical oxidant delivery equation. If the effective diffusion coefficient is assumed to 
be 5.1x10-6 cm2/s (Johnson et al. (2008) said the effective diffusion coefficient of 
persulfate at a porosity of 0.4 was 6*10^-6 cm2/s) and the porosity is 0.34, the profiles 
generated compared to the measured values are shown in Figure IV.6. The general trends 
appear to match the model well with only a slight increase in depth of treatment.  
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Figure IV.6. Theoretical diffusion using the oxidant concentration equation mentioned in 
the introduction with the measured persulfate concentrations in the persulfate column. 
 
The true effects of the persulfate treatment are, unfortunately, unknown. The lack 
of sampling ports between the last two means that the depth where no hydrocarbon was 
removed cannot be determined and therefore the limit of the clean zone cannot be 
determined. If some assumptions are made, an idea of the minimum effects can be 
inferred. If it is assumed that the second to last port was the extent of the clean zone, and 
directly below that, the C=C0 (where C0 is the concentration the system was flooded at), 
then theoretical effects on flux can be inferred by looking at the ∆L with and without 
treatment. This assumes all other factors are the same and that there is no sorbtion. This 
idea is illustrated in Figure IV.7.  
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Figure IV.7. Effects of treatment and rebound on diffusion gradient.  
From the profile plots of the control column, it appears that the ∆L in the 
untreated scenario would be approximately 28 cm. The depth of treatment, assuming 
nothing was treated past the second-to-last port would also be 28 cm. If there had been 
sufficient hydrocarbons left in the dissolved source for rebound, the final effects would 
be expected to look like the last graph in Figure IV.7. This would mean that the ∆L had 
increased by 28 cm and would mean that the flux had decreased by 50% (under 
conditions of no NAPL present and no sorbtion). In reality, the effects of the treatment 
were probably greater than what is predicted here since there was a reduction in 
concentration seen in the lowest port as well. Despite these limitations, a clean zone was 
generated. This clean zone could result in a greater ∆L and decrease the flux of 
contaminant from a lower conductivity region.  This treatment behavior only applies to 
the BTEX chemicals. The effect on MTBE would likely be much less. 
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  If the decrease in mass plot for MTBE+BTEX is used to determine the effects on 
flux, it is seen that the mass in the persulfate column is roughly 48% less than the mass in 
the control column on 211 d. For the control column to create the gradient shown at near 
steady state (profile plot for 211 d), it emitted 13.6 g of its initial 41.4 g for a total 
reduction of 32.9%. The persulfate treated system lost an additional 13.6 g for a total loss 
of 62.3% of its mass. This suggests that the depth of depletion created and what would 
later be replaced with the new steady state gradient would be approximately twice the 
distance of the diffusion gradient from the control condition (in other words 
approximately 56 cm). This agrees with the findings from the assumed depletion zone. It 
should be remembered that this is for total MTBE+BTEX in a dissolved source and the 
information on mass remaining/removed was determined from the integration of the 
contour plots which is hindered by the lack of sampling ports in the lower half of the 
column.  
 
IV.4 CONCLUSION 
Despite the limitations imposed by the missing sampling ports, the difference 
between the controlled and persulfate column profiles shows that the persulfate did have 
an impact on the mass of BTEX present in the lower conductivity layer though a minimal 
effect on the MTBE. The persulfate diffusion profiles showed that the initial depth of 
penetration during the delivery stage was only approximately 13 cm but the downward 
diffusion continued after the delivery process. By 211 d, measureable sodium persulfate 
measurements were made in the second-to-last sampling port showing that the persulfate 
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had diffused at least 28 cm at a concentration of 0.7% w/w sodium persulfate 
concentration.  
This depth of diffusion is deeper than predicted in the theoretical diffusion vs. 
measured plot shown in Figure III.6 because the diffusion equation does not account for 
the duel direction diffusion with constant changing C0 values and locations. It should be 
noted that this is an idealized situation with little NOM demand on the persulfate, no 
NAPL present, and only minimal sorbed mass. Under more natural conditions, it is 
expected that the depth of treatment and the longevity of the sodium persulfate would be 
less than predicted here, but this does suggest that persulfate diffusion is possible and a 
clean zone can be created to an extent greater than was initially expected at the start of 
the experiment in a dissolved hydrocarbon source.  
The goal of this project was to assess the diffusion of persulfate into a lower 
permeable sand containing a dissolved hydrocarbon source in an idealized 1-D column. 
The information gathered here was used to design a two dimensional dissolved source 
tank experiment such that emission reduction due to treatment could be measured instead 
of estimated (see Chapter 3). 
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APPENDIX V 
LIGHT NON-AQUEOUS PHASE LIQUID (LNAPL) INTERFACE REMEDIATION 
USING SODIUM PERSULFATE: 1:D COLUMN STUDY 
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V.1 NAPL SOURCE REDUCTION FROM PERSULFATE INTERFACE 
TREATMENT  
Unlike the dissolved source, under the NAPL source condition, complete 
contaminant removal at the interface for the formation of a clean zone may not be 
possible, but if a clean zone of some thickness or a source reduction can be achieved, it 
may reduce the severity of the NAPL effect on the aquifer.  
 An issue that may arise from the chemical oxidation reaction in a LNAPL source 
is that the oxidant (persulfate (S2O82-) in this case) may preferentially degrade certain 
compounds in the hydrocarbon mixture. This could be in part due to ease of removal or 
higher in solubility. S2O82- is believed to only react with hydrocarbons in the dissolved 
phase therefore the more soluble hydrocarbons may be preferentially removed. This has 
the potential of not only changing the flux from the lower permeability source, but also 
changing the composition of the flux. As the mass fraction of component A decreases, the 
mass fraction of component B will increase (assuming B degrades at a slower rate than 
A). This can be seen in the equation for the flux from a NAPL source: 
Ud = d ∗ dd|N,d∆Q  
where Udis the flux of compound i, d is the effective diffusion coefficient of 
compound i, d 	is the mole fraction of compound i in the NAPL source, d	is the 
solubility of compound i in water in its pure phase (mol/L),	|N,d	is the molecular weight 
of compound i, and ∆L is the clean zone over which the chemical diffuses. In the initial 
condition (pre formation of clean zone), the flux can be estimated from:  
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Ud = d ∗ d ∗ d ∗ |N,d
 ∗  dL + Me ∗ Jd ∗ |N,J ∗ 
/ 
where Lis the moisture volume fraction (volume of water/total volume of soil), Meis the 
bulk soil density, J is the mass of component i per mass of soil, |N,J is the molecular 
weight of the NAPL mixture, and t is the time the source has been present (Clifton, 
2008). From this equation, the total concentration of the NAPL in the soil also has an 
important contribution to the flux from the source. As the concentration of the NAPL 
decreases, so does the flux, though not to the same extent as with the creation of a clean 
zone. This suggests that, even if a clean zone cannot be fully achieved, a diminished 
source could still have an impact on flux reduction.  
The following experiment will explore the potential for a clean zone to form or a 
concentration reduction from the addition of S2O82-. For this experiment, MTBE, 
benzene, toluene, ethylbenzene, p and o xylene (BTEX), octane, n-propylbenzene, and 
1,3,5 trimethylbenzene were used which have all (except in some studies MTBE) been 
shown to degrade by S2O82- treatment (Huang et al., 2005).  
The goal of this project was to gain insight into how S2O82- will behave in a 
NAPL source and whether or not base activation might be beneficial. The information 
gathered from the one-dimensional columns was used to design the treatment of a NAPL 
source in lower permeability sand in a two-dimensional tank where the emission 
reduction due to treatment is measurable (Chapter 4).  
The column studies looked at these different behaviors in one-dimensional 
columns containing a 10 cm thick, 13,000 mg NAPL/kg soil source in a lower 
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permeability sand between a clean lower permeability sand (on the bottom) and clean, 
glass beads (on top). The S2O82- distribution and NAPL reduction is evaluated in the 
following columns: 
• S2O82--control column: contains no NAPL and simply looks at the diffusion of 
S2O82- in a system with little oxidant demand. 
• NAPL-control column: contains a 10 cm thick NAPL source but was not treated 
with S2O82- to see how much the NAPL source changes due to experimental 
operations. 
• NAPL-treated column: contains a 10 cm thick NAPL source and is treated with a 
10% w/w Na2S2O8 solution for 14 d.  
• NAPL-treated-activated column: contains a 10 cm thick NAPL source and is 
treated with a 10% w/w Na2S2O8 solution that has sodium hydroxide (NaOH) 
added to increase the pH to 14. 
V.2 METHOD FOR NAPL SOURCE COLUMN STUDY 
Four nearly identical columns were constructed with the Na2S2O8-control column 
containing no NAPL. The columns were 7.6 cm in diameter, made of clear PVC, 
approximately 90 cm in height with sampling ports placed along the column allowing for 
collection of water from the lower permeability zone. In the columns there was 
approximately 12 cm of higher permeability sand (Quikrete® Play Sand sieved to retain 
particles greater than 50 mesh with a hydraulic conductivity of 6 x 10-2 cm/s), 70 cm of 
lower permeability sand (20% w/w 200 mesh silica sand and 80% w/w 120 mesh feldspar 
sand with a hydraulic conductivity of 8 x 10-5 cm/sec), and 10 cm of 1 mm, hydrogen 
peroxide washed glass beads. The column design can be seen in Figure V.1. 
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Figure V.1. Column design and port layout for the 7.6 cm diameter NAPL/ S2O82- treated 
columns. 
 
 During the packing process for the three columns containing NAPL, the top 10 
cm of the lower permeability sand was mixed with a derived NAPL mixture for a 
concentration of approximately 13,000 mg NAPL/kg soil. This was done by placing 1100 
g of lower permeability sand in a -20°C freezer overnight. Freezing the sand was done to 
minimize the vapor losses from the NAPL mixture once the NAPL was added to the 
sand. A NAPL mixture was made of MTBE, benzene, toluene, ethylbenzene, p-xylene, o-
xylene, n-propylbenzene, and 1,3,5 trimethylbenzene (TMB). The mass fractions of each 
chemical were designed to mimic those published in Johnson et al. (1990) for fresh 
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gasoline. To make up the remaining mass, n-octane was used as the source compound 
since it has a lower solubility. The goal mass fractions, along with the measured mass 
fractions from the solutions made for each of the columns, are shown in Table V.1. 
Table V.1  
NAPL Mass Fractions Desired and Measured for the Three NAPL Columns. 
 Mass Fraction 
 Goal NAPL-Control 
Column 
NAPL-Treated 
Column 
NAPL-Treated-
Activated Column 
MTBE 0.0021 0.0019 0.0018 0.0017 
Benzene 0.0076 0.012 0.0060 0.0070 
Toluene 0.055 0.051 0.054 0.048 
N-Octane 0.52 0.53 0.52 0.54 
Ethylbenzene 0.096 0.090 0.095 0.091 
P-Xylene 0.096 0.095 0.097 0.094 
O-Xylene 0.096 0.099 0.096 0.093 
N-Propylbenzene 0.084 0.082 0.085 0.083 
1,3,5 TMB 0.041 0.039 0.042 0.038 
Total 1 1 1 1 
   
The NAPL solution was verified using the method described in Appendix I. After 
the NAPL solution was verified, 19.1 ml of the NAPL solution was mixed with the 1100 
g of soil that had been in the freezer for approximately 20 h. The NAPL was added to the 
sand and sealed in a glass container. It was then vigorously shaken for 10 min and then 
placed in the freezer for another 10 min. Three samples of the soil (15-30 g) were then 
collected and analyzed as described in Appendix I. The NAPL-sand mixture was then 
added to the top of the column and packed until the thickness of the NAPL layer was 10 
cm. The glass beads were then packed on top of that NAPL impacted sand. Once the 
columns were sealed, three additional NAPL-soil samples were collected and analyzed as 
described in Appendix I. 
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The columns were then flooded from the bottom up with reverse osmosis water 
until it just saturated the NAPL impacted region. The remaining column was flooded 
from the top most port in the glass bead section. This was done to minimize the NAPL 
losses due to the flooding process.  
Once the column was fully saturated, a profile from all sampling ports was 
collected for the dissolved hydrocarbon, pH, and sulfate concentrations. The liquid in the 
top section of the column with the glass beads was then replaced with either a 10% w/w 
Na2S2O8 (S2O82--control column and NAPL-treated column), a 10% Na2S2O8 with 6.67 
mg/L NaOH (NAPL-treated-activated column), or a 10% w/w sodium chloride (NaCl) 
(NAPL-control column) solution. This solution was maintained for 14 d. The S2O82-and 
pH were measured daily to insure that the Na2S2O8 solution did not fall below 8% w/w 
and, in the activated column that the pH did not drop below 10. If this happened, the 
entire solution was removed, measured, and replaced with a fresh solution.  
The S2O82- concentration was measured using the method described in Appendix 
I. The pH was estimated using Mikro pHydrion® Instra-Chek 0-13 test strips. After 14 d, 
the remaining solution was extracted and replaced with a constant flow of fresh, nitrogen 
sparged water. At this point, another snapshot of dissolved hydrocarbon, pH, sulfate, and 
S2O82- (reported as Na2S2O8) was measured. Snapshots were taken again of 42 d, 70 d, 
and 126 d. The sulfate concentrations were determined by diluting 100 uL of the sample 
in 10 ml DI water and using the SulfaVer® 4 Sulfate Reagent Powder Pillows, 10 mL 
HACH® method and analyzed using a HACH® Spectrophotometer. After 126 d, the 
columns were taken down and soil samples collected in the top 13-15 cm of the NAPL-
containing columns. This was done using the method described in Appendix I.  
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V.3 RESULTS OF ONE-DIMENSIONAL NAPL SOURCE COLUMN STUDY 
 The results of the pre and post packing soil samples are shown in Table V.2 and 
the final profile estimate from the NAPL-control, NAPL-treated and NAPL-treated-
activated columns can be seen in Figure V.2, V.3 and V.4 respectively. 
Table V.2  
Methanol Soil Extractions from the Initial Soil Added to the Three NAPL Columns. 
 Soil Concentration (mg/kg) 
 NAPL-Control 
Column 
NAPL-Treated 
Column 
NAPL-Treated-
Activated Column 
 Pre-
Packing 
Post-
Packing 
Pre-
Packing 
Post-
Packing 
Pre-
Packing 
Post-
Packing 
MTBE 27 28 29 24 26 26 
Benzene 96 70 100 76 120 83 
Toluene 740 610 850 740 740 690 
N-Octane 7,200 6,100 8,000 7,300 8,100 8,100 
Ethylbenzene 1,200 1,100 1,500 1,300 1,400 1,400 
P-Xylene 1,300 1,100 1,500 1,400 1,400 1,400 
O-Xylene 1,300 1,100 1,500 1,400 1,400 1,400 
N-Propylbenzene 1,100 970 1,300 1,200 1,200 1,300 
1,3,5 TMB 550 490 640 610 570 570 
Total 13,500 11,600 15,400 14,100 14,900 14,900 
Mass of Soil 
Packed 
790 g 891g 733 g 
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Figure V.2. Comparison of pre and post NAPL distribution in the NAPL-control column. 
 
 
Figure V.3. Comparison of pre and post NAPL distribution in the NAPL-treated column. 
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Figure V.4. Comparison of pre and post NAPL distribution in the NAPL-treated-activated 
column. 
 
 The dissolved phase profiles for all the columns are shown in Figures V.5, 6, 7, 8, 
and 9.  Based on the solubility and mass fraction of the NAPL mixture, the dissolved 
concentrations from the NAPL region should be: MTBE=54 mg/L, benzene=13.5 mg/L, 
toluene=28 mg/L, n-octane=0.7 mg/L, ethylbenzene=14.4 mg/L, p-xylene=19 mg/L, o-
xylene=17 mg/L, n-propylbenzene=5 mg/L, and 1,3,5 trimethylbenzen=3 mg/L. These 
values are similar to what is seen in the dissolved phase in the NAPL region of the 
column. The solubility of n-octane is approximately 0.7 mg/L and the samples are diluted 
by 60 times. The n-octane sample ranging between 0.7-42 mg/L suggest uncertainty as to 
if there was NAPL in the sample. It appears that the majority of the MTBE in the NAPL 
source was displaced during the initial flooding process resulting in concentrations above 
predicted in the top section of the NAPL columns and below prediction in the lower 
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sections of the 10 cm NAPL region. The Na2S2O8, pH, and sulfate measurements can be 
seen in Figures V.10, 11 and 12 respectively.  
 
Figure V.5. Initial (directly after flooding: 0d) dissolved hydrocarbon profile.  
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Figure V.6. After 14 d Na2S2O8/NaCl treatment (14d) dissolved hydrocarbon profile. 
 
Figure V.7. Dissolved hydrocarbon profile (42 d).  
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Figure V.8. Dissolved hydrocarbon profile (70 d). 
 
Figure V.9. Dissolved hydrocarbon profile (126 d). 
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Figure V.10. Na2S2O8 concentration profiles. 
 
Figure V.11. pH profiles from the 4 columns. 
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Figure V.12. Sulfate profiles from all columns. 
 Tables V.3, V.4 and V.5 shows a summary of the NAPL measured in the soil for 
the NAPL-control NAPL- S2O82- and NAPL- S2O82--activated columns. The initial mass 
was determined by averaging the 3 pre and 3 post packing soil measurements and 
multiplying the mg/kg concentration by the mass of sand packed in the column. The final 
NAPL concentration was determined by integrating the mg/kg measurements presented 
in Figures V.2, V.3, and V.4 and using the measured density of the lower permeability 
sand (1.735 g/ml) to convert it from mg*cm/kg to mg.  
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Table V.3  
NAPL-Control Column; NAPL Concentration and Mass Pre (0 d) and Post (126 d) 
Measured from Soil Samples. 
NAPL- S2O82- column 
 Initial 
mg/kg 
Initial mg 
NAPL 
Average 
Final mg/kg 
Final mg 
NAPL 
% NAPL 
removed 
MTBE 28 22 --- --- 100 
Benzene 83 66 24 21 68 
Toluene 680 530 280 230 57 
N-Octane 6,600 5,300 5,100 3100 42 
Ethylbenzene 1,200 910 720 490 46 
P-Xylene 1,200 950 770 500 47 
O-Xylene 1,200 950 790 510 46 
N-Propylbenzene 1,000 820 840 410 50 
1,3,5 TMB 520 410 420 220 46 
Total 12,500 9,960 9,340 5,480 45 
 
Table V.4  
NAPL- S2O82- Column; NAPL Concentration and Mass Pre (0 d) and Post (126 d) 
Measured from Soil Samples 
NAPL- S2O82- column 
 Initial 
mg/kg 
Initial mg 
NAPL 
Average 
Final mg/kg 
Final mg 
NAPL 
% NAPL 
removed 
MTBE 27 24 --- --- 100 
Benzene 89 79 27 21 73 
Toluene 800 710 330 250 65 
N-Octane 7,700 6,800 5,000 3,500 49 
Ethylbenzene 1,400 1,200 740 530 57 
P-Xylene 1,400 1,300 790 570 55 
O-Xylene 1,400 1,300 800 580 54 
N-Propylbenzene 1,300 1,100 810 560 50 
1,3,5 TMB 630 560 410 280 50 
Total 14,700 13,100 8,880 6,240 52 
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Table V.5  
NAPL- S2O82--Activated Column; NAPL Concentration and Mass Pre (0 d) and Post (126 
d) Measured from Soil Samples. 
NAPL- S2O82--activated column 
 Initial 
mg/kg 
Initial mg 
NAPL 
Average 
Final mg/kg 
Final mg 
NAPL 
% NAPL 
removed 
MTBE 26 19 --- ---- 100 
Benzene 100 76 21 17 77 
Toluene 720 520 260 220 58 
N-Octane 8,100 5,900 3,700 3,100 48 
Ethylbenzene 1,400 1,000 540 450 55 
P-Xylene 1,400 1,000 530 440 57 
O-Xylene 1,400 1,000 580 480 53 
N-Propylbenzene 1,200 910 560 480 47 
1,3,5 TMB 570 420 280 230 45 
Total 14,900 10,900 6,440 5,400 51 
 
V.4 DISCUSSION  
 The mass of S2O82-delivered to the glass beads region during the 14 d treatment, 
extracted from the glass beads region during and directly after the 14 d treatment, 
diffused into the lower permeability sand after 14 d, and the mass remaining in the lower 
permeability sand by 126 d can be seen in Figure V.13.  The discrepancy seen between 
the mass of S2O82- in the system is assumed to be the mass reacted shown in Figure V.13. 
This value was calculated by (mass added during 14 d)-(mass out during and at 14 d)-
(mass in low K on 126 d). This table suggests that more S2O82- was delivered to the 
NAPL- S2O82--activated column followed by the S2O82--controlled column and closely 
followed by the NAPL- S2O82-column. The mass of S2O82- diffused into the lower 
permeability sand is highest in the S2O82--control column. This is likely due to the low 
reaction in the control column thereby allowing for accumulation of the S2O82-. This is 
also supported by the NAPL- S2O82--activated column having a higher mass of S2O82- 
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delivered than the control column during the 14 d treatment period but a lower mass 
diffused measured on 14 d.  
 
Figure V.13. Mass of Na2S2O8 delivered and possibly reacted. 
An interesting observation is that the NAPL- S2O82--activated column has the 
lowest decrease in mass of S2O82- in the lower permeability sand between 14 d and 126 d 
(see Figure V.10 and V.13). This suggests that the S2O82-  in the lower permeability sand 
was not actively reacting with the NAPL. The S2O82--control column showed the second 
lowest mass lost between 14 d and 126 d. This is likely due to minimal reaction in this 
column. The NAPL- Na2S2O8 column showed the greatest reduction in mass between 14 
d and 126 d. From the profile plots of the Na2S2O8 (Figure V.10), the NAPL-treated 
column shows the greatest decrease in the region where the NAPL was placed suggesting 
that the S2O82- was reacting with the NAPL while the profile for the NAPL- treated-
activated column showed little difference with time.  
Table VIII.6 shows the mass in the NAPL- treated and NAPL- treated -activated 
column. The amount of S2O82- used (reported as Na2S2O8) and the mass of NAPL lost 
was used to calculate the NAPL/ Na2S2O8 mass ratio for each column. The mass of 
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NAPL/mass Na2S2O8 ratio was also calculated by subtracting the percent lost in the 
NAPL control column from the treated columns before determining their ratio. For the 
dissolved tank experiment (Chapter 3), the mass of hydrocarbon/mass of Na2S2O8 was 
approximately 0.007. For the NAPL columns, the ratios are 0.77 for the NAPL- Na2S2O8 
column and 0.45 for the NAPL- Na2S2O8-activated column. Taking into consideration the 
loss in the control column, the ratios became 0.11 and 0.05 respectively.  
Table V.6 
Na2S2O8 and NAPL Measurements in the NAPL- Na2S2O8 and NAPL- Na2S2O8-Activated 
Columns with the Ratio of NAPL Removed/ Na2S2O8 Used. 
 mg Na2S2O8 mg NAPL g/NAPL/g 
Na2S2O8 
 Added 
during 14 d  
In Low K 
after 126 d 
Reacted 0 d 126 d  
Used 
Accounting 
for losses 
in control 
NAPL-
Control 
--- --- --- 10,000 5,500   
NAPL- 
Na2S2O8 
9,800 880 8,900 13,000 6,200 0.77 0.11 
NAPL- 
Na2S2O8-
Activated 
17,000 4,500 12,000 11,000 5,400 0.45 0.05 
 
The stoichiometric efficiency between Na2S2O8 and benzene is 0.027 g benzene/g 
Na2S2O8 (Sra et al. 2013) is smaller than the values calculated in Table V.6 even when 
accounting for the losses seen in the control column. This suggests that either more mass 
was lost during the packing and unpacking of the treated columns than the control or that 
there is some additional treatment mechanism occurring. It is likely the former.  
The preliminary observations from the NAPL column experiments that were used 
to design the tank experiment for determination of emission reduction include: 
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• S2O82-, at a 10% w/w Na2S2O8 concentration for both a base activated and a non-
activated treatment, can diffuse into a NAPL-impacted sand region in the percent 
range concentration without fully reacting away or full removal of the NAPL.  
• As in the dissolved phase, the S2O82- was able to diffuse to a greater distance even 
after the initial mass delivery of Na2S2O8. The S2O82-, in all columns, diffused 
approximately 10 cm after 14 d of S2O82- addition. It then diffused an additional 
10 cm (S2O82--control and NAPL S2O82- columns) to 20 cm (NAPL- Na2S2O8-
activated column) after the S2O82- addition stopped. 
• It appears that a greater mass of S2O82- was utilized in the NAPL- S2O82--activated 
column than the NAPL- S2O82- column. 
• There was nearly identical percent NAPL mass reduction for both treated NAPL 
columns and similar mass lost in the NAPL control column suggesting that S2O82- 
had little effect on the NAPL mass in the system. 
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APPENDIX VI 
TANK THAT WAS DISASSEMBLED AFTER A WEEK OF OPERATION 
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Due to some structural concerns with the sand packing, the first NAPL tank was 
disassembled a week after it had been packed, the lower permeability region had been 
saturated, and flow had started across the higher permeability sand. As the tank was 
disassembled, soil samples were collected from the lower permeability region NAPL 
zone and measured for concentration (mg i/kg soil). These values were compared with 
the initial concentration of the soil that was used to create the NAPL source zone to 
compare how much NAPL was lost from the cement mixer to the end of the flooding 
process. The results of this test are shown in Table VI.1.  
Table VI.1  
Estimation of Losses between the Pre-Packing Sand Concentration and the Sand 
Measured after Packing and Flooding. 
 Concentration (mgi/kg soil) 
 Pre-
pack 
Disassembly process  
 Initial 
Conc. 
Top 1 Top 2 Middle 1 Middle 2 Bottom Ave % 
Lost 
MTBE 270 0 0 0 5 5 2 99 
Benzene 200 50 40 80 80 80 70 65 
Toluene 820 350 360 570 600 490 470 42 
Octane 4400 2500 2300 3100 3300 2500 2800 37 
Ethyl 680 470 430 570 600 480 510 25 
P-Xylene 700 500 450 580 600 490 530 25 
O-Xylene 710 530 470 600 630 490 540 23 
N-Propyl 580 490 450 510 530 410 480 18 
1,3,5 TMB 310 240 230 260 270 250 250 18 
Total 8600 5100 4800 6300 6700 5200 5600 35 
 
Several things to note are that the more soluble contaminants see the greatest loss 
(MTBE, benzene, and toluene). MTBE has almost completely been removed suggesting 
that the mass of MTBE initially believed to have been put in place is likely not the case 
and that losses of MTBE measured in the treatment tank in Chapter 4 are likely due to the 
flooding process and not reactions. The less soluble and less volatile compounds see the 
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smallest mass loss between the pre and post measurements. Also, the greatest losses were 
from the top and bottom of the NAPL zone for all chemicals. This is likely due to losses 
from the bottom section of the NAPL zone having more water pass through it as the tank 
was flooded from the bottom up. The top section reduction is likely due to volatile losses 
from the vapor in the higher permeability region and to the bag attached up top.  
The values presented in Table VI.1 are simply an estimate of what losses might 
have been seen in the lower permeability NAPL region as a result of the initial packing 
and flooding process. Final percent loss values measured from the tank discussed in 
Chapter 4 will be compared to these values. Percent losses less than those presented in 
Table VI.1 will likely not be attributable to reaction losses.  
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APPENDIX VII 
EFFECTS OF DENISTIY ON DELIVERY OF OXIDANT INTO LOWER 
PERMEABILITY SOILS 
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VII.1 FACTORS POINTING TO DENSITY DRIVEN FLOW OF PERSULFATE 
IN DISSOLVED TANK 
When comparing the persulfate (S2O82-) profiles (reported as sodium persulfate 
(Na2S2O8)) from the post 14 d Na2S2O8 treatment (discussed in Chapter 3) with the 
theoretical one dimensional diffusion profile (discussed in Appendix X), it appeared that 
the center and right profiles seemed to deviate from the theoretical (see Figure VII.1). 
The section of the right profile labeled A does not diffuse as deeply as the theoretical 
diffusion. Also, the section of the center profile labeled B in Figure VII.1 seems to follow 
more of an advective delivery than a diffusion gradient. If it had been diffusion delivery, 
it would be expected that the Na2S2O8 concentration would decrease with depth as is seen 
in the left and right sections of the tank whereas the center section is seeing a relatively 
uniform concentraiton for approximently 10 cm before a large decrease in concentration 
occurs.  
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Figure VII.1. Concentration of Na2S2O8 measured in the lower permeable sand after 14 d 
of interface treatment. Sections circled and labeled as A or B are the areas of high 
deviation from the diffusion-only theoretical profile.  
 
VI.2 THEORY BEHIND CAUSE OF DENSITY DRIVEN FLOW 
A conceptual idea of what is believed to be occurring is shown in Figure VII.2. 
During natural flow, there is a uniform pressure across the interface. As the higher 
density solution passes through the upstream region of the tank, the downstream section 
still contains water in the higher permeability region. This results in higher pressure 
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exerted at the interface on the left section of the tank than on the right which allows some 
density-driven vertical flow through the lower permeability region. As the Na22+ and 
S2O82- flows into the center region, water is displaced from the lower permeability region 
on the right which hinders the diffusion of S2O82- on the right. This density-driven flow 
should only occur during the initial start of the Na2S2O8 before it has fully reached the 
effluent. At this point, the pressure across the lower permeability interface should be 
constant.  
 
Figure VII.2. Effects on density driven flow due to differences in density between the 
upstream and downstream fluid in the higher permeability zone.   
 
The simplified equation for the velocity of the Na2S2O8 traveling into the lower 
permeability region due to the density difference between the upstream and downstream 
section is: B = CD ∗ ∆EEFGH#I ∗ J∆K where B is the velocity (cm/s), K is the hydraulic 
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conductivity, L is the porosity (ml water/ml total), MNOP is the density of water (1 g/ml), ∆M is the density difference between the Na2S2O8 and water (0.11 g/ml), T is the 
thickness of the Na22+ and S2O82- flow path and ∆Q is the flow path of the water as it is 
displaced by the Na22+ and S2O82-. Regardless of the J∆K value (assuming a range of 0.01-
1), for a ∆M of 0.11 g/ml and a duration of two days, the distance at which the density 
driven advective flow will travel is relatively insignificant (centimeters) for K≤1*10-4 
cm/s as opposed to tens of centimeters for K=1*10-3 cm/s and hundreds of centimeters for 
K=1*10-2 cm/s. Figure VII.3 shows the velocity per different K and J∆K values. The J∆K of 
0.86 is the approximate value for this experiment based on the assumed vertical flow of 6 
cm and a 36 cm thick flow zone. The “my system” point is therefore where the measured 
hydraulic conductivity of the lower permeability sand falls on the J∆K = 0.86 line and 
results in a velocity of 1.85*10-5cm/s.  
 
Figure VII.3. Density driven flow velocity for varying K and J∆K values. 
 
VII MTBE TEST TO VERIFY INCREASED PERSULFATE DELIVERY 
RESULTED FROM DENSITY  
To verify the idea that a larger mass of S2O82- was delivered into the lower 
permeability region in the center due to the density of the injected solution, the lower 
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permeable soil in the dissolved source S2O82- treated tank (tank discussed in Chapter 3) 
was flushed by gravity feeding clean water from the bottom of the tank upwards to 
remove any residual MTBE from the previous experiment. By flushing the soil, we were 
able to use MTBE as a tracer to see how the density of solutions traveling along the 
interface would affect the delivery. MTBE was used because it is highly soluble, easily 
detected at 10 µg/L dissolved concentrations or higher, and its low sorbtion making it 
easy to flush from systems between tests.  
The first test was a 56 mg/L MTBE solution dissolved in DI water and allowed to 
flood through the higher permeable sand for 14 d. After 14 d, samples were collected 
from the lower permeable section from the left, center, and right transects to quantify the 
diffusion into these sections. The lower permeable sand was then flushed by flooding 
water from the bottom of the tank upwards until there was no detectable MTBE still in 
the sand. Once the residual MTBE was removed, a 61 mg/L MTBE solution was made in 
a 10% w/w sodium chloride solution. This was done to match the density used in the 
S2O82- treatment but without losses due to reaction. The MTBE was used as a tracer to 
determine the difference in migration into the lower permeable sand with variations in 
density. The MTBE profiles are shown in Figure VII.4.  
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Figure VII.4. Comparison of profiles from MTBE movement with and without density 
effects, measured Na2S2O8 migration, and the theoretical diffusion-only profiles.  
 
From Figure VII.4, the left shows a slight increase in mass delivery of MTBE 
with the heavier solution (based on the increased concentration with depth profile) and its 
MTBE-with-density profile matches the S2O82- (reported as Na2S2O8) profile the best. 
Despite this, the continuous decrease in concentration with depth suggests that the 
density does not seem to dominate in the left as much as diffusion. The center profile has 
a strong agreement between the theoretical diffusion-only and the MTBE no-density-
added profiles. The MTBE salt solution and the S2O82- profiles in the center agree well 
with each other suggesting it is the density of the delivery solution that caused the larger 
S2O82- mass delivery into the lower permeable region. The right profile also agrees with 
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the theory that the density driven advective flow in the center of the tank caused a 
decrease in the diffusion depth in the right side of the tank. The results suggest that both 
density and diffusion had an effect on the delivery of S2O82- seen in the dissolved source 
treatment tank.  
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APPENDIX VIII  
FORMATION OF LESS PERMEABLE MATERIAL AT INTERFACE AFTER 
TREATMENT 
  
  251 
VIII.1 WHAT FORMS AND WHEN 
Throughout the persulfate treatment events, one thing that has been consistent 
under both the NAPL source and the dissolved source is the formation of a lower 
permeability rind in the transmissive zone near the interface between higher/lower 
permeability layers. This rind forms after the persulfate treatment has stopped and 
nitrogen sparged RO water is reintroduced to the background water flow. The rind 
formation is shown in Figure VIII.1 and V.2 when a dye tracer was added to better 
visualize the effects on the flow path. As can be seen from this figure, the rind causes the 
flow to bypass the interface by about 2.54-3.75 cm. Figure VIII.2 shows close up images 
of the interface.  
 
Figure VIII.1. Diversion of flow due to formation of less permeable region at the interface. 
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Figure VIII.2. Close up images of interface showing visually the less permeable region. 
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Figure VIII.2. Cont. 
The material that is formed at the interface does get partially flushed from the 
system over time especially during the first few flush volumes after the clean water has 
been added. Samples of the formation in the effluent water are shown in Figure VIII.3.  
 
Figure VIII.3. First image is a sample from the first flush volume and second image is 
sample from a week after the clean water is introduced into the system (approximately 2 
flush volumes). 
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A sample of this material was collected, dried, and then ashed to determine if the 
material was organic or inorganic. Figure VIII.4 shows the sample that was ashed. There 
was no measurable decrease in mass due to the ashing process nor any visual changes in 
the appearance of the sample suggesting that the material being flushed from the system 
is inorganic.  
 
Figure VIII.4. Dried sample that was ashed to determine if the formation was inorganic or 
organic.  
 
SEM with EDS imaging was also done to help identify what the formation was in 
the system. Samples of sand that had never been used in an experiment, samples of the 
sand that did not appear to have been affected by the formation, samples that did appear 
to be within the region that the rind was formed, and samples collected from the effluent 
were imaged for comparison purposes as shown in Figures VIII.5, VIII.6, VIII.7, and 
VIII.8 respectively. 
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Unused sand: 
 
 
 
Figure VIII.5. Unused sand from manufacturer.  
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Figure VIII.5. Unused sand from manufacturer (cont).  
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Figure VIII.6. Used sand from region without rind.  
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Figure VIII.7. Used sand from region with rind.  
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Figure VIII.7. Used sand from region with rind (cont.).  
 
Figure VIII.8. Dewatered sample of rind from effluent.  
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Figure VIII.8. Dewatered sample of rind from effluent (Cont.).  
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Figure VIII.8. Dewatered sample of rind from effluent (Cont).  
V.2 THEORY OF WHAT CAUSED THIS MATERIAL TO FORM 
The sample collected from the effluent showed no significant difference in weight 
before and after ashing. This, along with the low carbon and high silica content of the 
rind material from the SEM imaging and the time and location of its formation, it is likely 
that the formation is not organic and was not caused by biological growth. The 
assumption of how and why this material formed is that the change in the ionic strength 
of the persulfate traveling though the transmissive zone caused mobilization of fines that 
then fell out of suspension when the persulfate was replaced with water. The material 
appears to be silica dioxide. This is relatively insoluble under natural condition (low ionic 
strength water with neutral pH). During the treatment process, the DI water is replaced 
with a 100,000 mg/L solution of sodium persulfate. This solution has an ionic strength of 
1.4 M. The high ionic strength can increase the solubility of other ions.  
In addition to the high ionic strength, sodium persulfate is a divalent ion which 
can increase the attraction of the silica dioxide in the dissolved phase due to the stronger 
interactions of the multiple charged ions (Krauskopf and Bird, 1995). If this is the case, 
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the sodium persulfate solution would cause the silica dioxide on the sand particles which 
may naturally be insoluble and immobile to dissolve and become mobile. Once the RO 
water is reintroduced to the system, the silica dioxide would fall out of suspension.  
Since the density of the sodium persulfate solution is greater than the RO water, 
the first few flush volumes do not fully remove the persulfate but more water travels 
through the upper section of the transmissive zone leaving a thin region of sodium 
persulfate near the interface that is more difficult to flush due to the flow paths. This 
would explain why the rind forms about 1-2 inches above the interface because the silica 
that settles out will form at the interface between the high and low ionic strength 
solutions. The silica that was once dispersed throughout the system in a stable phase is 
now concentrated causing a decrease in permeability where the two ionic strength 
solutions interacted.  
 
V.3 REFERENCES 
Krauskopf, K., & Bird, D. (1995). Introduction to geochemistry (Third Edition ed.). New 
York: WCB McGraw-Hill.  
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APPENDIX IX  
ASSESSMENT OF IRON (II) AS A DIFFUSIVE ACTIVATOR FOR PERSULFATE 
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When designing the treatment options for the sodium persulfate (Na2S2O8) 
activated tank treating a NAPL source in the lower permeability sand, all activation 
options were considered. Heat was ruled out as an option due to the experimental 
limitations of regulating the temperature in a 5 cm thick tank. It would be difficult to 
maintain a constant temperature across the interface and achieve a uniform temperature 
throughout the thickness of the system without the heat being dissipated out the front or 
back.  
 Peroxide was also ruled out due to the gas generated during its reaction. This 
would create another source of unknowns with regards to changing flow paths due to 
pore volumes once water saturated now vapor saturated. Also, the oxygen generated 
during the decomposition of peroxide to water and oxygen could result in aerobic 
biodegradation of the hydrocarbons. This would increase the time between treatment and 
rebound to a new steady state since all the oxygen would have to partition from the gas 
bubbles to the water and be removed before final effects of treatment could be 
determined.  
 Iron (Fe(II)) activation was an option that was evaluated. The concern with Fe(II)  
activation was the uncertainty of if Fe(II) could diffuse into the lower permeability region 
within a reasonable time frame (weeks). In a first step to seeing if Fe(II) could diffuse, its 
ability to advect was assessed. To diffuse across the interface the Fe(II) first had to advect 
across the interface. To assess the advection of Fe(II) in a soil, a 1.2 m long, 5 cm 
diameter column was constructed of PVC. Sampling ports were placed along the column 
so that water samples could be collected. 
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The column was placed vertically and was saturated with water by flooding from 
the bottom of the column upwards. At this point, a 150 mg/L Fe(II) solution was injected 
from the bottom of the column. The Fe(II) was mixed with a 1:2 molar ratio of Fe(II) and 
citric acid. The Fe(II)  mixture was Fe(II)SO4+7H2O. The citric acid was added to 
prevent the Fe(II) from becoming Fe(III) which is non-soluble and non-reactive with 
Na2S2O8 (SERDP 2011). Fe(II) concentrations were determined by using EMQuant® 
Fe(II) test strips (0-500 mg/L).  It was difficult to differentiate the color pallet after 100 
mg/L so concentrations at or over 100 mg/L were recorded as ≥100 mg/L.  
The solution was injected at 0.2 ml/min for a velocity in the column of about 0.3 
m/d. This was to mimic the flow rate in the tank. After 7 d of Fe(II) addition, the Fe(II) 
had only traveled 0.3 m. By day 14, the Fe(II) was detected at about 0.66 m. Figure IX.1 
shows the Fe(II) concentrations measured in the column 14 d after the injection had 
started.    
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Figure IX.1. Fe(II) concentrations with height through the column measured 14 d after start 
of flow.  
 
 The results presented in Figure IX.1 suggest that Fe(II) activation may not be 
feasible under the experimental conditions. It would likely take 4 weeks for the Fe(II) to 
advect across the tank using the flow rate designed. A faster flow rate would probably 
advect better yet would require large flush volumes to sustain treatment for diffusion. 
From these results, Fe(II) activation was ruled out as a viable option for S2O82- activation 
in the lower permeability region.  
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APPENDIX X  
MODEL OF PERSULFATE DIFFUSION INTO LOWER PERMEABILITY SOIL 
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X.1 MODEL DEVELOPMENT IMPORTANCE 
Due to the long duration of these experiments, a model that would allow for 
assessment of treatment techniques prior to laboratory then field applications is desirous. 
As a first step towards development of this mode, both the numerical and explicit one-
dimensional diffusive behaviors was evaluated for the sodium persulfate (Na2S2O8) 
delivery. The numerical solution allows for estimation of the mass of treatment (in this 
case Na2S2O8) that could be delivered to a lower permeability region though diffusion. 
The explicit model allows for the assessment of the transport of treatment after the 
delivery stage is completed. This is the point where the boundary condition is no longer 
constant. The model results were compared to experimental results of S2O82- transport. 
The preliminary modeling work completed to date and recommendations for future 
developments are discussed below. 
 
 
X.2 NUMERICAL ASSESSMENT OF DIFFUSION DURING TREATMENT 
STAGE  
The oxidant delivery into the lower permeability region would be governed by the 
diffusive section of the general transport equation, which is shown below; 
5? = d ∗ d
  ∗ dL ∗ 
 
In this equation, i is the chemical of interest, flux (g/cm2/s ) is the mass of 
chemical i diffused per time per area, d(cm2/s) is the effective diffusion coefficient of 
chemical i, d (g/cm3) is the source concentration of chemical i from which the diffusion 
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source initiates, L (cm3 water/cm3 total ) is the moisture filled porosity, and t (s) is the 
time over which the diffusion has occurred. In the flux calculation, the reaction rates are 
assumed to be slower than the diffusion rates which should provide a reasonable 
preliminary description of non-activated S2O82- and permanganate since they have slower 
reaction rates (days to months). This would probably not be an acceptable assumption for 
peroxide or ozone.  
This shows that the diffusion of an oxidant into a lower permeability layer is 
heavily dependent on the initial concentration of the oxidant and the time that the oxidant 
is in contact with the interface. Therefore, the goal was to determine if sufficient mass of 
oxidant could be delivered into the lower permeability material to create a clean zone for 
an increased diffusive distance of the hydrocarbon from the lower permeability layers. 
This means the flux of oxidant, the diffusion concentration profile of the oxidant, and the 
diffusion of the contaminant back into the aquifer at steady would each be significant 
experimental considerations. The diffusion concentration of the oxidant profile is 
mathematically described as: 
 = a ∗


1 − 6wu


 t
 4 ∗ dL ∗ &
''
(



 
In this equation, Cz is the concentration of the chemical i at depth z, Co is the source 
concentration (in this case, of the oxidant), and z is the depth of interest at time t 
assuming no reaction. This shows that the oxidant depth of infiltration is also heavily 
dependent on the initial source concentration and the time of exposure.  
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The S2O82- treatment experiments discussed in Chapters 3 and 4 used a 10% w/w 
Na2S2O8 solutions and 14 d treatment durations.  The 10% w/w concentration was 
selected because it is representative of the concentrations currently being used in field 
and was near the solubility of Na2S2O8 (about 50% w/w). The 14 d time for treatment 
was selected after considering groundwater movement and reactivity of batch Na2S2O8 
injections.  It is possible for field contact times to be shorter or longer, depending on the 
initial solution volume injected and groundwater flow rates.  
Using the above equations, the effects of changes in delivery time and 
concentrations can be determined. The effective diffusion coefficient is assumed to be 
5.1x10-6 cm2/s because Johnson et al. (2008) estimated the effective diffusion coefficient 
of Na2S2O8 at a porosity of 0.4 was 6*10^-6 cm2/s so this value was adjusted for the 
porosity of 0.34. The effects of concentration and time on mass and depth of delivery are 
shown in Figure X.1.  
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Figure X.1. Theoretical Na2S2O8 flux and concentration profiles for diffusion into a lower 
permeability sand and mass delivered vs. time. 
 
Several things can be learned from these prediction plots. One is that, independent 
of the solution concentration, 50% of the mass of S2O82- (reported as Na2S2O8) is 
delivered during the 1st day of a 14 d treatment event and the remaining mass was 
delivered over 13 d. This is due to the high concentration gradient present between the 
higher/lower permeability sands. Once the first day is over, there is a higher 
concentration in the lower permeability sand than before the first day causing less of a 
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diffusion drive into the lower permeability sand. This is assuming no reactions are 
occurring. If the S2O82- reaction was fast enough to be significant, the mass delivered 
would likely be greater since this higher concentration gradient would be maintained 
longer. 
 Despite this high initial mass delivery in the first day, the subsequent days help to 
deliver the S2O82- to a deeper depth thereby making it more difficult to back-diffuse into 
the higher permeability material once treatment has stopped. The first day of treatment 
only delivers the S2O82- 1 cm into the system whereas by 14 d the S2O82- has traveled to 3 
cm.  
Another thing to note is that the initial S2O82-- concentration greatly affects the 
flux of S2O82- into the lower permeability sand. There is about an order of magnitude 
difference in flux between 10% w/w and 1% w/w Na2S2O8 concentration. The flux also 
decreases with time. There is about an order of magnitude reduction in flux between 0 d 
and 10 d. This is expected when looking at the mass delivery plot. If the flux profiles are 
integrated with respect to time, the mass of S2O82- delivered with time can be evaluated. 
The results suggests that the mass delivered into the lower permeability material is 
heavily dependent on the initial concentration. The 0.1% and 1% w/w Na2S2O8 show 
very little mass delivery yet the 10% and 20% w/w plots show large mass delivery which 
continues to increase with time though at continually decreasing rates. From this, the 
importance of high initial concentration and long contact times can be inferred. 
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X.3 POST-DELIVERY EXPLICIT MODEL 
The experimental data after the initial delivery process suggests that the S2O82- 
will continue to diffuse deeper into the system after the initial loading due to the high 
S2O82- mass delivery. This cannot be predicted based on the above equations since the 
boundary conditions change with time and location after the delivery process ends. To 
evaluate the effects on diffusion after the treatment stage ends, an explicit numerical 
estimation was used. For this simulation, the equation used was: 
 = d

LN ∗ 
t  
,9 = d ∗ ∆LN ∗ 7, − 2, + 9,∆t  + , 
For the 14 d initial delivery, the numerical solution and the estimate were compared and 
are shown in Figure X.2. This shows that, for the initial mass delivery, the estimate 
matches fairly well with the solution.  
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Figure X.2. Comparison of numerical solution and explicit solution for 14 d loading of a 
10 % w/w Na2S2O8 solution into a lower permeability region.  
 
Assuming no reactions occurring in the system, the data from the left side of the 
dissolved tank treated with S2O82- is compared with the predicted S2O82- diffusive 
behaviors (Figure X.3). What this shows is that there is some deviation between the 
predicted and measured values but that the two match up fairly well.  
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Figure X.3. Comparison of dissolved source tank data to model prediction for diffusion-
only explicit model of Na2S2O8 delivery into a lower permeability sand. 11.7% w/w 
Na2S2O8 concentration at interface for 14 d then replaced with clean water for remaining 
105 d.  
 
The results were then compared to the NAPL treated tank profiles for both the 
sodium hydroxide (NaOH) diffusion and the Na2S2O8 diffusion in Figure X.4. In this 
case, the model contained reaction rates used from best fit and stoichiometric generations 
of hydrogen ions to predict the NaOH diffusion behavior. The Na2S2O8 reaction rate was 
estimated as 4.26x10-7 sec-1 (Sar et al., 2013). As a reminder, the NAPL tank was treated 
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for 13 d with S2O82- followed by 28 d of NaOH (19 g/L) and then followed with another 
14 d of S2O82-.  
 
Figure X.4. Experimental vs. explicit results from model simulation of Na2S2O8 and pH 
diffusion. Note: Model results for pH based on best fit estimated reaction rates and 
organic content/reaction.  
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Figure X.4. (Cont.) Experimental vs. explicit results from model simulation of Na2S2O8 
and pH diffusion. Note: Model results for pH based on best fit estimated reaction rates 
and organic content/reaction.  
 
The S2O82- diffusion data matches well with the measured concentrations. The 
NaOH data shows similar trends between the predicted and measured pH but the post-
NaOH-addition reactions show some deviation especially in the top 10 cm of the sand. 
This is likely due to changes in the OH- reaction with both the sand and S2O82- as the 
concentration of S2O82- changes and the natural buffering capacity of the soil decreases.  
 
X.4 CONCLUSIONS AND RECOMMENDATIONS  
Strengths of this model include: 
• Predicts S2O82- (reported as Na2S2O8) diffusion after initial delivery giving a 
perspective on total depth of treatment. 
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• Allows for changes in interface concentration with time to predict effects of 
multiple treatments. 
• Gives an idea on the effects of the base diffusion. 
Limitations of this model include:   
• Limitations to NaOH diffusion. Data was used to match the model to the 
measured values but would be dependent on site conditions (soil type, organic 
matter, S2O82- reactions under field conditions, etc.) 
• S2O82- reaction rates are independent of the activator and the presence of NAPL. 
• Does not include losses to organic matter. 
• Assumes no hydrocarbon depletion. 
Information still needed to more accurately predict these diffusion behaviors: 
• A better understanding of the reaction rates involved in the system (S2O82- with 
hydroxide, hydrocarbons, soil, itself, etc.). 
• Multi dimensions to show changes in advecting fluid concentration and diffusion 
inside the lower permeability soil. 
X.5 MODEL AND PREDICTED VALUES THAT WERE USED 
X.5.1 Na2S2O8 ONLY: 
Program Persulfate 
!t is time step, z is depth C(t,z) 
double precision:: Deff, dt, pw, dz 
integer::t,z,k 
real, dimension(12873,3048)::C !Persulfate 
Deff=0.0000051 !Johnson et al. 2008 
dt=1000 
dz=.5 
pw=0.33 
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open (unit=12345, file="example.txt", Action="write", status="replace") 
do t=1,1210 
  C(t,1)=0.492709 !mol/L Na2S2O8 11.7% 
end do  
do t=1211,12873 
  C(t,1)=0 
end do  
do z=2,3048 
  C(1,z)=0 
end do 
 do t=2,12873 
   do z=2,3047 
     C(t,z)=((Deff/pw)*((C(t-1,z+1)-2*C(t-1,z)+C(t-1,z-1))/(dz*dz))*dt)+C(t-1,z) 
       if (C(t,z)<0)then  
        C(t,z)=0 
        end if 
   end do 
     C(t,3048)=((Deff/pw)*((0-2*C(t-1,z)+C(t-1,z-1))/(dz*dz))*dt)+C(t-1,z) 
     if (C(t,z)<0)then  
        C(t,z)=0 
        end if 
   end do 
  end program Persulfate 
 
X.5.2 BASE ACTIVATED Na2S2O8: 
Program eleven 
!t is time step, z is depth C(t,z) 
double precision:: Deff, dt, pw, dz,deffb, Ksoil, kben, Kobs, organic 
integer::t,z,k 
real, dimension(8640,3048)::C !Persulfate 
real, dimension(8640,3048)::B !base 
real, dimension(8640,3048)::H !hydrogen 
real, dimension(8640,3048)::O !organic 
Deff=0.0000051 !Johnson et al. 2008 
deffb=0.0000126   !Sharma and Reddy 2004 
dt=1000 
dz=.5 
pw=0.33 
organic=300 
Kobs=.000053 
kben=0.000000426    !1/sec Sra et al. 2013   
Ksoil=0.000000011574 ! estimate  
open (unit=12345, file="example.txt", Action="write", status="replace") 
do t=1,1210 
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  C(t,1)=0.420168 !mol/L Na2S2O8 
  B(t,1)=0.0000001  !mol/L NaOH 
end do  
do z=1,3048 
  O(1,z)=organic 
end do 
do t=1211,3629 
  C(t,1)=0 
  B(t,1)=.475  !mol/L NaOH 
end do  
do t=3630,4838 
  C(t,1)=0.420168 !mol/L Na2S2O8 
  B(t,1)=0.0000001  !mol/L NaOH 
end do  
do t=4839,8640 
  C(t,1)=0 
  B(t,1)=0.0000001  !mol/L NaOH 
end do  
do z=2,3048 
  C(1,z)=0 
  B(1,z)=0.0000001  !mol/L NaOH 
end do 
do t=2,8640 
   do z=2,3047 
     C(t,z)=((Deff/pw)*((C(t-1,z+1)-2*C(t-1,z)+C(t-1,z-1))/(dz*dz))-Kben*C(t-1,z)-
Ksoil*C(t-1,z))*dt+C(t-1,z) 
       if (C(t,z)<0)then  
        C(t,z)=0 
        end if 
      H(t,z)=2*kben*C(t-1,z) 
      B(t,z)=((Deffb/pw)*((B(t-1,z+1)-2*B(t-1,z)+B(t-1,z-1))/(dz*dz))-H(t,z)-
0.5*kben*B(t-1,z)-Kobs*O(t-1,z)*B(t-1,z))*dt+B(t-1,z) 
      if (B(t,z)<.0000001)then  
        B(t,z)=0.0000001  !mol/L NaOH 
        end if 
     O(t,z)=O(t-1,z)-340000*O(t-1,z)*Kobs*(B(t-1,Z)-0.0000001) 
     if (O(t,z)<0) then 
       O(t,z)=0 
       end if 
   end do 
C(t,3048)=((Deff/pw)*((0-2*C(t-1,z)+C(t-1,z-1))/(dz*dz))-Kben*C(t-1,z)-Ksoil*C(t-
1,z))*dt+C(t-1,z) 
     if (C(t,z)<0)then  
        C(t,z)=0 
        end if 
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       H(t,z)=2*kben*C(t-1,z) 
  B(t,3048)=((Deffb/pw)*((0-2*B(t-1,z)+B(t-1,z-1))/(dz*dz))-H(t,z)-
0.5*kben*B(t-1,z)-Kobs*O(t-1,z)*B(t-1,z))*dt+B(t-1,z) 
     if (B(t,z)<0.0000001)then  
        B(t,z)=0.0000001  !mol/L NaOH 
        end if 
     O(t,3048)=O(t-1,z)-340000*O(t-1,z)*Kobs*(B(t-1,Z)-0.0000001) 
     if (O(t,z)<0) then 
       O(t,z)=0 
       end if 
   end do 
end program eleven 
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APPENDIX XI  
EVALUATION OF FIELD PRACTICABLE DIAGNOSTIC TOOLS FOR 
DETERMINING OXIDANT DISTRIBUTION AT HYDROGEN PEROXIDE/OZONE 
TREATMENT SITES: 
PETROLEUM ENVIRONMENTAL RESEARCH FORUM  
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Executive Summary 
In situ chemical oxidation (ISCO) involves the delivery of an oxidant in either 
liquid (e.g., hydrogen peroxide, sodium persulfate) or gaseous form (ozone) into 
dissolved groundwater contaminant plumes or subsurface source zones, and the 
subsequent conversion of the contaminants to oxidation products (e.g., CO2, H2O at 
petroleum-impacted sites).  For an ISCO application to be successful, the oxidant must be 
distributed throughout the target treatment zone and must contact the contaminant for a 
sufficient duration of time.  This project focused on identifying and evaluating off-the-
shelf and field-practicable tools for assessing the spatial distribution of oxidant during 
hydrogen peroxide (H2O2) and ozone delivery.  This was accomplished through product 
specification review, lab testing, and evaluation at a field site.  
The desired characteristics of diagnostic tools for determining oxidant distribution 
are that they give reliable indications of the presence/absence of the oxidant, especially in 
the concentration range of interest; for H2O2, this is roughly 1 – 10% w/w and for ozone 
it is 0 - 10 mg/L. With respect to tools evaluated in this work: 
• Indigo Instruments test strips proved to be an easy and reliable tool for quickly 
measuring H2O2 presence and concentrations in groundwater.  For example, with 
simple sample dilution, 0 – 100 mg/L test strips can be used to quantify 
concentrations from about 10 mg/L to 10% w/w.  They were selected based on 
their ease of use, minimal need for additional supplies, cost, and safety 
considerations. 
• Practitioners should be cautious and aware of conditions that can cause false 
positive indications of H2O2 presence; for example, significant carryover of H2O2 
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between samples via sampling equipment (bailers, tubing, vials, etc.) was 
observed.  In addition, false positive H2O2 readings were observed to occur when 
the test strips were exposed for 10 – 30 minutes to sunlight. 
• The Hach dissolved ozone test kit (0 – 1.5 mg/L range) is also is relatively easy to 
use, safe, and reacts exclusively with ozone (other products tested yielded false 
positive results in the presence of H2O2).  
• The use of standard field instruments for measuring pH, specific conductance, 
oxidation-reduction potential (ORP), and temperature were also explored as 
indicators of the presence/absence of oxidant distribution.  Results indicated little 
incremental value in measuring these quantities if H2O2 measurement data is not 
also provided. 
The field evaluation events coincided with two H2O2/ozone treatments at one site; 
both involved the delivery of approximately 4,000 gallons of 15% H2O2 solution into five 
wells.  Prior to the first treatment, 27 monitoring wells were installed around two of the 
injection wells at distances of about 2, 8, and 16 ft from the injection well. Sampling and 
analyses were conducted before, during, and after each treatment and involved measuring 
H2O2, ozone, and dissolved oxygen concentrations, and temperature, oxidation reduction 
potential, and specific conductance. 
With respect to the oxidant distribution at the field site, the results from both site visits 
were similar: H2O2 dissipated within 2 to 3 ft of the injection wells; there was never a 
measureable concentration of dissolved ozone; and elevated temperatures and dissolved 
oxygen increases were measured up to 10 ft away from the injection wells.  
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Background 
In situ chemical oxidation (ISCO) is a treatment process used for remediating 
soils and groundwater impacted by petroleum and chlorinated solvent spills. It is 
attractive because it is applied batch-wise and so has no ongoing operation and 
maintenance requirements, and is potentially less disruptive to business operations than 
other treatment options.  As it is a relatively new technology, its performance and cost at 
petroleum-impacted sites is not well-understood.  In particular, the number of treatments 
needed at any given site is unknown at the start, limited monitoring is typically conducted 
during treatment, and it is not clear how to optimize the process. 
As a first step to gaining better insight to identifying where and how to apply 
ISCO at petroleum-impacted sites, this study focused on developing and testing methods 
that might lead to practicable site-specific assessment of the distribution and persistence 
of chemical oxidants following injection.  Developing this capability is important to early 
determination of the efficacy of ISCO treatment.  For example, limited or poor 
distribution of oxidant solution relative to the petroleum contaminant distribution will 
lead to limited treatment.  In addition, short persistence of oxidant leads to limited 
treatment between batch ISCO treatments. 
There are many possible ISCO treatment options, with the most popular being 
treatments employing either liquid hydrogen peroxide (H2O2), permanganate, or 
persulfate solutions combined with other chemicals and specialized delivery, mixing, 
stabilizing, and activation schemes.  The work discussed below focuses on the use of 
liquid H2O2 solutions in combination with air/ozone gas mixtures as that is the 
technology being employed at some Shell sites. 
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The goal of this was to develop field-practicable recommendations for monitoring 
the spatial distribution and persistence of H2O2 and ozone resulting from their subsurface 
delivery at petroleum-impacted sites.  This involved a) identifying available field-
practicable diagnostic tools for quantifying concentrations of oxidants, b) testing those 
tools in the laboratory, c) proposing a field protocol that employs some subset of the 
diagnostic tools, and d) evaluating this protocol in the field.    
 
Identification of Field Diagnostic Tools 
The desired characteristics of diagnostic tools for determining oxidant distribution 
are that they give reliable indications of the presence/absence of the oxidant, especially in 
the concentration range of interest; for H2O2, this is roughly 1 – 10% by weight (w/w) 
and for ozone it is 0 - 10 mg/L.  Tools which are too complex, are unreliable, or require 
extensive time and decontamination between sampling are susceptible to misuse in the 
field.  Also, diagnostic tools with ranges that are outside the concentration range of 
interest must be coupled with sample dilution procedures. Current practices rely on using 
the oxidant byproducts (such as heat and dissolved oxygen) to assess oxidant distribution 
but this information only states where the treated water travels without stating how long 
the oxidative capacity was there or where treatment occurred. 
A combination of simple and inexpensive products were identified that could be 
used as the basis for a procedure that would allow for confidant oxidant distribution 
determination in a relatively fast, inexpensive, easy, and safe manner. The products 
investigated were the Indigo Instruments test strips (0-100 mg/L, 0-400 mg/L and 1-10% 
w/w) for testing H2O2 concentrations, the Hach H2O2 test kit, the Hach ozone test kit, the 
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Industrial Test Systems, Inc. SenSafe water quality test strip designed for measuring 
ozone concentrations in water samples, and available field instruments that quantify other 
parameters that might be surrogates for oxidant concentration, including pH, temperature, 
conductivity, and oxidation reduction potential (ORP).  Each is discussed below. 
 
Bench-scale Testing of Diagnostic Tools 
Before discussing the bench-tests of the diagnostic tools, it is worth introducing 
the tools to be tested: 
• The Hach H2O2 test kit is widely used in laboratory settings to quantify the 
concentration of H2O2, but only in the range 0.2 - 10 mg/L.   
• According to Indigo Instruments, their low range test strips (0 - 100 mg/L) are 
oxidant specific so they should only react with H2O2; furthermore, their other test 
strips (1 - 10 % w/w and 0 - 400 mg/L) are less specific and might react with 
other oxidants. Indigo Instruments and some reviewers characterize their test 
strips as being less precise than the Hach H2O2 test kit, but more user-friendly and 
more useful over a wider range of concentrations.  
• The Hach ozone test kit is widely used in the laboratory for quantifying dissolved 
ozone concentrations and they claim to provide reliable quantitative 
measurements. 
• The Industrial Test Systems, Inc. claim that their SenSafe water quality test strips 
are easy to use but  are less accurate than other dissolved ozone measuring 
devices such as the Hach ozone test kit and the UV spectrophotometer.  
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To test the different products discussed above, a stock solution of 30% w/w H2O2, 
was used and diluted to a 10% w/w solution. This 10% w/w concentration was chosen 
because it is representative of the concentration of H2O2 typically injected during field 
treatments.  It also can be diluted to create other known concentration samples that can be 
used for evaluating the diagnostic tools; in this work, those other concentrations were 
3%, 1%, and 0.5% w/w, and 1000 mg/L, 500 mg/L, 400 mg/L, 200 mg/L, 100 mg/L, 50 
mg/L, 10 mg/L, 5 mg/L, and 1 mg/L.   
 
Hach Kit 
This kit has a practicable testing range limited to about 0.2 - 10 mg/L (0-0.001% 
w/w) H2O2; at higher concentrations an exothermic reaction occurs between the Sulfite 1 
reagent used in the test kit and the H2O2 in solution.  The 0.2 – 10 mg/L detection range 
is significantly lower than the concentration range of most interest (0.1% - 20% w/w), so 
several sample dilutions and multiple analyses would be needed to safely determine if 
H2O2 is present at concentrations of interest. Another disadvantage is that the same vials 
are used for multiple samples and so decontamination is required for each sample. In lab 
tests, this method did seem to have the most accurate reading of concentrations within its 
intended analysis range, but it also had the narrowest testable concentration range and its 
use was the most time consuming.  
In the end, it was judged that the potential increase in precision relative to test 
strips was off-set by safety and timing concerns, especially considering that target 
concentrations of interest would likely be in the low % w/w levels.  
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Indigo Instruments Test Strips 
Indigo Instruments H2O2 test strips have a lower accuracy than the Hach kit, but 
they are able to give a relatively narrow range of error (1% to 2% w/w for percent range 
concentrations or around 20 mg/L for the 0 - 100 mg/L concentrations). Some advantages 
of using the test strips over the Hach Kit are that no reagents are needed, there is no 
potential for an exothermic reactions, and there are no vials that need to be reused (so 
there is no need for decontamination).  There are different ranges of test strips that cover 
the concentration ranges of interest (0 - 100 mg/L, 0 - 400 mg/L, and 1 - 10% w/w).  
One problem with using the test strips is that they lose their accuracy when the 
concentration exceeds their stated range. For example, when the 0 - 100 mg/L test strips 
are exposed to concentrations greater than 100 mg/L, they give readings of 50 - 100 mg/L 
(see Figure 1a). Also, when the 0 - 400 mg/L test strips are exposed to concentrations 
greater than 400 mg/L, they read a splotchy 200 mg/L (see Figure 1b). The precision of 
the 1 - 10% w/w test strips is not ideal but they provide enough information to know if 
the sample is within the percentage range and approximately how much dilution is 
required to be able to use the lower concentration test strips (see Figure 1c).  
The test strips provide a reliable and repeatable estimate of the concentration of 
H2O2 in a solution, and are sufficient to assess the distribution and persistence of H2O2 at 
a field application site. If more highly quantitative results are required, the test strips can 
be used to determine the degree of dilution required to allow safe and efficient use of the 
Hach Kit. The test strip method is also more cost-effective as the test strips cost less than 
$0.50 per strip while the Hach Kit costs about $0.62 per test and requires a longer sample 
preparation time (see Appendix C).   
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Selectivity of the Methods for Hydrogen Peroxide and Ozone 
Ideally, all H2O2 diagnostic tools would be preferentially selective for H2O2, 
especially in the presence of ozone. Unfortunately, all tools identified to test for H2O2 
were found to also react with dissolved ozone.  The H2O2 Hach Kit reacts exothermically 
in the presence of ozone even with lower ozone concentrations (around 4 mg/L). 
According to Indigo Instruments, the 0 - 100 mg/L test strips react exclusively with 
H2O2; however, when tested with a solution of 12 mg/L ozone, the test strips gave an 
apparent reading of 3 mg/L H2O2. The other test strips (0 - 400 mg/L and 1 - 10% w/w), 
which are said to react with other oxidants, did not react with the 12 mg/L ozone solution. 
While not directly relevant to the focus of this work, it was observed that all three were 
found to react with varying concentrations of sodium persulfate.   
 
 
a) 
 
 
 
 
 
100,000* mg/L reads as 100 mg/L 
100* mg/L reads as 100 mg/L 
10,000* mg/L reads as 50 mg/L 
1,000* mg/L reads as 100 mg/L 
1* mg/L reads as 1 mg/L 
10* mg/L reads as 10 mg/L 
*- Standard Concentrations 
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b) 
 
c) 
 
 
Figure 1: Indigo test strips color reliability. a) 0 - 100 mg/L, b) 0 - 400 mg/L, c) 1 - 10% 
w/w. 
 
The only test kit found to react exclusively with its designed oxidant was the 
Hach Ozone Test Kit. This kit has an operational range of dissolved ozone concentrations 
between 0 – 1.5 mg/L, and in the lab provided a clear presence/absence indication when 
ozone was in the solution.  
Thus, one can use the Hach test kit to determine the presence or absence of ozone 
in groundwater in the 0 – 1.5 mg/L range, or higher if dilutions are used.  Knowing 
whether or not ozone is present can help determine if H2O2 test strip responses might be 
caused by ozone presence.  If there is concern, one can minimize that concern by 
selecting an appropriate test strip and using sample dilution.  For example, if the primary 
100,000* mg/L reads as Unknown 
100* mg/L reads as 100 mg/L 
10,000* mg/L reads as Unknown 
1,000* mg/L reads as 400 mg/L 
1* mg/L reads as 0 mg/L 
10* mg/L reads as 0 mg/L 
*- Standard Concentrations 
100,000* mg/L (10% w/w) reads as 
between 3-5% w/w (8 s when should be 
instantaneous 
10,000 mg/L (1% w/w) below strip 
range but inconsistent readings  
1,000 mg/L (0.1% w/w) reads 0 mg/L 
*- Standard Concentrations 
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interest is in determining where 1 – 10% w/w H2O2 and 1 – 10 mg/L ozone occurred 
spatially, one would do the following: 
• Collect a groundwater sample and analyze it and a 1:9 (sample:water) 
diluted sample using the ozone test kit.  These two results are sufficient to 
determine if dissolved ozone is present in the target concentration range. 
• Collect a groundwater sample and prepare 1:1000 and 1:10000 dilutions 
and analyze with 0 – 100 mg/L H2O2 test strips.  At these two levels of 
dilution, a 10% w/w concentration would read as 10 mg/L and 100 mg/L 
concentrations on the test strips, and a 1% w/w concentration would read 
as 1 mg/L and 10 mg/L concentrations on the test strips.  Furthermore, 10 
mg/L ozone in the original sample would not interfere with the analysis 
because it would be <0.01 mg/L in the diluted samples being analyzed 
with the test strip. 
It should be noted that the reaction between ozone and H2O2 is fast and that, in the 
lab, a sample containing both dissolved ozone and H2O2 was never successfully prepared; 
thus the scenario in which one has a groundwater sample containing ozone and H2O2 
might be improbable. 
Sensafe dissolved ozone test strips were also tested to see if they are useful for 
qualitative presence/absence readings or quantification of the dissolved ozone in a 
solution of ozone and H2O2. Unfortunately this test strip also reacted with even low levels 
of H2O2 (<3 mg/L) and in some cases reacted with pure water. 
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Use of Standard Field Instruments as Diagnostic Tools 
Readily available and easy to use field tools include meters that quantitate 
oxidation-reduction potential (ORP), dissolved oxygen (DO), temperature, and specific 
conductivity.  Each of these was investigated for potential use in assessing H2O2 and 
ozone distribution.   
In principle, ORP should increase relative to background wherever oxidant is 
delivered, DO should increase wherever H2O2 decomposes, temperature should increase 
in regions where H2O2 decomposes as that is an exothermic reaction, and specific 
conductivity will change if there is a conductivity contrast between the oxidant solution 
and native groundwater. 
An ORP meter was tested to see if it could be used to determine the concentration 
of oxidant in a solution. For high concentrations of H2O2, it seemed to calibrate well and 
showed good repeatability, but the readings became extremely variable with time around 
500 mg/L and lower. Also, in the presence of similar concentrations of ozone, the 
readings were about three times greater than when exposed to H2O2, suggesting that the 
combination of the two could exaggerate the apparent fraction of the H2O2 remaining in 
the solution, especially since ozone injection generally continues after the H2O2 injection 
has stopped. Another caution to using ORP measurements to determine oxidant 
concentrations are that ORP is correlated to oxidant concentration through an initial 
calibration. This calibration is dependent on the quality of the water that is used to make 
the calibration and temperature. During an ISCO treatment, the water quality changes 
regardless of the presence of oxidant in the solution. Thus, it is unlikely to have an 
accurate base of comparison for the readings. While ORP may not be useful for 
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quantifying oxidant concentration, lab testing suggested that it might provide % w/w-
level presence/absence information and that information might be complementary to data 
gathered using the H2O2 test strips and Hach ozone test kit.  
 The use of visible dye tracers was also investigated as a possible field diagnostic 
tool for assessing the subsurface distribution of oxidant solution resulting from injection. 
After reviewing the MSDS sheets for over 100 organic dyes and considering the possible 
regulatory acceptance of them, it was determined that fluorescein was the safest and most 
accepted option (see Appendix A for a full listing of organic tracers considered). Initial 
tests with fluorescein mixed in aqueous solution with H2O2 alone suggested that both 
were stable until an activator (i.e., soil) was added.  At that point, the fluorescein 
degraded within an hour. While not tested, this is expected to be a common behavior for 
all other organic dyes. Chlorine and bromine were considered as inorganic tracers but the 
concentration of chlorine needed could have affected the density effects of the injected 
solution. There was also concern over the byproducts that could have resulted from the 
addition of bromine.  
 The use of general inorganic groundwater chemistry (changes in anion/cation 
concentrations), as an indication of subsurface mixing and dilution during ISCO delivery, 
was also considered.  In principle, it should be useful in cases where there are significant 
contrasts in water chemistry between the natural groundwater and the injected solution.  
Batch tests showed no changes in Ca2+, Mg+, K+, Cl- concentrations when in solution with 
H2O2 or when in solution with H2O2 and sand. While this information could not be 
utilized in the field for real-time area of influence, the results could help in designing 
future injection events. 
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 Other advanced diagnostic tools were used in the field test described below, but 
for purposes other than determining the distribution of oxidant following injection.  
These included: Quantitative Polymerase Chain Reaction (QPCR) and Compound 
Specific Isotope Analysis (CSIA). The QPCR provides insight to how the ISCO 
treatment affects the microbial population and CSIA can potentially be used to 
discriminate between different attenuation/destruction mechanisms. 
A summary of all the tools tested along with their applications, pros, cons, time 
required, and costs can be seen in Appendix B.  
 
Protocol for Assessing H2O2 and Ozone Distribution and Persistence During ISCO 
Delivery 
 Based on the experiences discussed above, a protocol for assessing the 
distribution of H2O2 and ozone about injection points was developed.  The protocol relies 
on the Indigo Instruments 0 -100 mg/L test strips and Hach ozone test kit.  It can be 
supplemented by in-line measurement of DO, ORP, and temperature when collecting 
samples for H2O2 and ozone analyses.   It involves the following basic sequence of steps: 
• Install temporary or permanent monitoring wells about one or more ISCO 
injection points.  The monitoring wells should be screened at depths 
corresponding to the target treatment zone and should be spaced at distances 
chosen based on consideration of the volume of ISCO solution injected and based 
on consideration of practicable separations between ISCO delivery points.  For 
example, distances between about 50% and 300% (likely outside of influenced 
area) of the value [V/(3.14Lφ)]1/2 should be considered, where V is the volume of 
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oxidant solution injected, L is the well screen length, and φ is the aquifer porosity 
(all in consistent units). A sufficient monitoring network should be installed to 
account for identification of preferential pathways developed through high 
pressure injections.  
• For instances where the goal is to determine where H2O2 and ozone are present at 
significant concentrations ( >1% w/w H2O2 and ozone >1 mg/L):  
- Collect water samples from the monitoring points through pumping or 
bailing, and use new or thoroughly cleaned equipment between samples to 
avoid carryover and false positives.  Collect samples into a plastic 
disposable cup and test them for the presence/absence of H2O2 using the 
Indigo Instruments 0 - 100 mg/L test strips.  If any sample tests positive 
for H2O2, then dilute it 1:1000 and 1:10000.  To get the actual 
concentrations, multiply the diluted sample results by 1000 and 10000, for 
the 1:1000 and 1:10000 dilutions, respectively.   
- If the original sample outcome is negative, then the H2O2 concentration is 
<1 mg/L.  If the original sample is positive and the 1000:1 diluted sample 
outcome is negative, then the H2O2 concentration is <1000 mg/L (0.1% 
w/w) and below levels of interest from the perspective of trying to 
determine oxidant distribution and treatment zones.  
• Collect another sample for ozone testing and prepare one 1:10 dilution of that 
sample; both should be placed in strong plastic cups that allow the vacuum Hach 
test kit to be broken and the sample to react.  To get the actual concentration of 
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the original sample from a 1:10 diluted sample analysis, multiple the diluted 
sample result by 10.  
As the protocol above relies on use of the 0 – 100 mg/L H2O2 test strip results. It is 
important to be aware of some features of the test strips: 
• When the actual H2O2 concentration in a sample is above 100 mg/L, the test strip 
may indicate a 50 - 100 mg/L concentration for an undiluted sample as shown in 
Figure 1. The dilution would help mitigate this underestimation of the H2O2 
concentration.  
• Exposure to sunlight beyond about 30 seconds of dipping in solution can cause 
false positive readings with the test strips; this false reading is typically similar to 
the response for a 3 - 50 mg/L solution as shown below in Figure 2 where the test 
strip containing distilled water was exposed to sunlight for half an hour.   
 
 
 
Figure 2: Example of positive H2O2 reading due to reaction with sunlight after half an 
hour 
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• It is possible to get false positive readings from H2O2 retained on sampling 
equipment. Any tubing, syringes, bailers, vials, gloves, etc. that have come into 
contact with H2O2 can impact the sample if not thoroughly decontaminated. With 
the low concentration capacity of the test strips, even multiple washings of the 
equipment can still be insufficient to provide reliable readings. It took between 
five and seven rinses of a bailer, about three rinses of tubing, and about three 
washes of glassware to get a <1 mg/L concentration reading after contact with a 
10% w/w H2O2 solution. It is therefore recommended that field procedures 
include using new sampling material between samples especially if users place a 
significance on H2O2 measurements in the <1% w/w range.   
With respect to using the Hach kit for ozone detection: 
- Minimal sample disturbance should be done prior to testing due to the 
unstable condition of ozone. Since this is a colorimetric test, there may be 
difficulty in performing reliable readings using the Hach kit in the field 
due to the turbidity of the water. The turbidity can make the water look 
lighter giving false positive readings. This can be minimized by allowing 
the sample vacuum vials to settle prior to taking a reading. This improves 
the reading but can still give false positive readings. Even in clear water, it 
may be difficult to collect a sample and analyze it without disturbing the 
water and causing losses of dissolved ozone. 
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Field Testing of the Protocol and Other Potentially Complementary Diagnostic Tools 
For one ISCO vendor, a typical H2O2/ozone/air treatment involves the combined 
injection of a liquid H2O2 solution and a gaseous mixture of ozone in air, usually through 
separate wells. The stated purpose of the gaseous ozone injection is to activate the H2O2 
and promote in situ mixing resulting in an increase in the lateral and vertical distribution 
of the H2O2 around the injection well. Ozone is generated on site and mixed with 
compressed air to increase the volume of gas delivered. The mixed ozone:air ratio is 
different at each location resulting in a wide range of ozone concentrations with the 
maximum concentration of dissolved ozone being around 10 mg/L. This ozone is usually 
injected into the subsurface at a rate ranging between 3.5 and 10 standard ft3/min (scfm), 
but the injection rate can be as great as 60 scfm. Several feet away from or above the gas 
injection wells, liquid injection wells are used to deliver the H2O2 solution at 
concentrations ranging between about 8 and 17.5% w/w. The flow rate into these wells 
ranges between about 0.5 and 5 gal/min. For example, during one observed treatment 
event, 300 gal were delivered through each injection well over a three-day event. The gas 
injection generally continues for a longer time than the hydrogen peroxide injection 
event. 
 To apply the diagnostic tools initially tested in the lab, two field events were 
monitored using the Indigo Instruments 0 - 100 mg/L, 0 - 400 mg/L, and 1 - 10% w/w 
H2O2 test strips and the Hach dissolved ozone test kit.  In addition, dissolved oxygen, 
ORP, specific conductance, and temperature were measured.  The field activities are 
described in detail in Appendices C and D.  
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Observations and Lessons-Learned 
Appendix B summarizes the diagnostic tools evaluated in this work and thoughts 
about their utility based on experiences in the lab and field. Appendix C and D provide a 
detailed description of the two injection events performed where these diagnostic tools 
were used to assess the extent of oxidant distribution. In brief: 
• Use of the Indigo Instruments 0 – 100 mg/L H2O2 test strips, combined with 
sample dilution and appropriate care in sampling and using the test strips, is a 
practicable diagnostic approach for assessing the distribution of H2O2 about an 
injection well while providing approximate ranges of concentrations.  There 
are a few cautionary notes, based on field experience.  
- If the Indigo Instruments 0 – 100 mg/L H2O2 test strips are exposed to 
light, they will change to a color indicative of about 3 - 50 mg/L over 
time as shown in Figure 2.  
- H2O2 residuals can persist on equipment and gloves, and these can 
impact subsequent samples and cause false positive readings.  That 
was discovered in the field when validating a suspected anomalous 
result (Figure 3).  
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Figure 3: Example of H2O2 carryover between sampling wells 
 
The following are key lessons-learned with respect to tools other than the H2O2 
test strips:  
• Groundwater temperature appeared to provide some insight to the spatial 
distribution of the injected aqueous solution about the injection wells.  
Temperature alone, however, cannot distinguish between regions where H2O2 is 
and is not present in groundwater. Any H2O2 decomposition near the well 
generates heat and raises the water temperature as it enters the formation, and this 
warm water then flows out from the well. Temperature data, therefore, can only 
be used to assess injection fluid distribution and not H2O2 distribution.  
• Dissolved oxygen (DO) measurements revealed aquifer regions with elevated and 
depressed dissolved oxygen levels.  Like temperature, however, dissolved oxygen 
alone, did not distinguish between regions where H2O2 was and was not present in 
groundwater.  This is in part due to DO measurements reflecting both current and 
past ISCO injections at the site.  There can be a long in situ memory (weeks - 
months) of previous events due to the persistence of trapped oxygen gas in the 
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pores, with the oxygen gas being generated during H2O2 decomposition in the 
aquifer and from the injected air/ozone mixture. The presence of this trapped 
oxygen could be beneficial from a treatment perspective as it contributes 
dissolved oxygen for aerobic biodegradation.  This biodegradation in turn can 
lead to temporarily decreased dissolved contaminant concentrations, so 
performance samples for contaminant analysis should only be collected after the 
trapped oxygen gas is depleted and dissolved oxygen levels decline to pre-
injection background levels.    
• ORP, specific conductance, and pH measurements did not provide additional 
useful or reliable insight in comparison with the H2O2 test strip, temperature, and 
dissolved oxygen diagnostic data. 
• CSIA and QPCR did not provide additional insight into the oxidant distribution or 
the mechanism(s) of contaminant removal (see Tables 11-D and 12-D and Figures 
9-D and 10-D).  
With respect to the distribution of oxidants
 
observed about the injection wells, the H2O2 
did not appear to travel beyond the immediate vicinity of the injection wells (within 2 to 
3 ft), and dissolved ozone was not detected in any groundwater samples. 
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Supplemental XI.A 
Dyes Investigated for Suitability as Visual Tracers 
Material Human Health Hazard? Comments 
Yes No Unknown 
Acid Alizarin Violet N X   Irritant 
Alizarin X   Very hazardous in case of ingestion. 
Alizarin yellow X   Mutagen 
Amido Black 10B   X Toxicological properties of material have not been thoroughly investigated. May be irritant 
Auramine O X   Harmful if swallowed or absorbed through skin 
Orange G X   Hazardous in case of ingestion 
Bismarch Brown Y X   Harmful if swallowed, inhaled or absorbed through skin 
Brilliant Green X   Causes eye burns, harmful if swallowed 
Chromotrope FB X   Irritant 
Congo Red X  X May be harmful if swallowed or inhaled. 
Crystal Violet X   Sever eye irritation, harmful if swallowed 
Eosin Y   X Carcinogenic and mutagenic effects not available 
Benzo Fast Pink 2BL X   Slightly hazardous in case of eye contact or inhalation 
Hematoxylin X   Hazardous in case of eye contact, ingestion, inhalation 
Malachite green oxalate X   very hazardous in case of eye contact, hazardous in case of skin 
contact, ingestion, inhalation, mutagenic effects on bacteria/yeast 
Metanil yellow X   Hazardous in case of ingestion, slightly hazardous in case of eye 
contact or inhalation 
Methyl Orange X   Harmful if swallowed. May cause eye, skin, and respiratory track irritation 
Methyl Violet X   Tutorage, mutagen, reproductive effect, primary irritant 
Basic Blue 9 X   Harmful by inhalation, contact with skin, and swallowed. Irritant 
Eriochrome Black T X  X Causes eye irritation, may cause skin irritation, may cause 
respiratory track irritation 
Nigrosine   X Toxicological properties of material have not been thoroughly investigated 
Oil Red O X   Hazardous in case of ingestion, slightly hazardous in case of eye 
contact, skin contact, or inhalation 
Liquid Green 2BHF X   May cause irritation of eyes, skin, or respiratory track 
Fast Orange R   X NFRP code health hazard of 1 
Calcon X   Causes eye, skin, and respiratory tract irritation 
Acid Blue 3 Calcium Salt X  X Slightly hazardous in case of eye contact, ingestion, or inhalation. Chronic health effects not available 
Patent Blue VF X   Irritant 
Phenol Red   X X No known health or environmental problems 
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Material Human Health Hazard? Comments 
Yes No Unknown 
Plasmocorinth B X   Irritating to eyes 
Prussian Blue X   Very hazardous when ingested, hazardous in case of eye contact 
or ingested. Carcinogenic effect info not available 
Rhodamine B X   Hazardous in case of skin or eye contact, ingestion, inhalation 
Rhodamine 6G   X Toxicological properties of material have not been thoroughly investigated 
Rose Bengal X   Extremely hazardous in case of skin or eye contact. Very hazardous if ingested or inhaled. 
Safranin O X   Harmful if swallowed 
Sirius Red F3B   X Toxicological properties of material have not been thoroughly investigated 
Sudan Black B X   Hazardous in case of eye contact, ingestion, inhalation 
Sudan I X   Hazardous in case of skin or eye contact, ingestion, inhalation. Carcinogen, Mutagen 
Sudan II X   Hazardous if ingested. Slight hazard if contacted with skin, eyes 
or is inhaled 
Sudan III X   Very Hazardous in case of skin or eye contact, ingestion, inhalation. Carcinogen, Mutagen 
Sudan IV X   Very Hazardous in case of ingestion or inhalation. Hazardous in 
case of skin or eye contact. Carcinogen, Mutagen 
Sulforhodamine B   X Toxicological properties of material have not been thoroughly investigated 
Trypan Blue X   Hazardous in case of ingestion. Slightly hazardous in case of skin 
or eye contact or inhalation. Carcinogen 
Victoria Blue B   X Toxicological properties of material have not been thoroughly investigated 
Acid Black 24   X Toxicological properties of material have not been thoroughly investigated 
Hematein X   Hazardous in case of skin or eye contact, ingestion, inhalation 
Acid Blue 9   X Toxicological properties of material have not been thoroughly investigated 
Acid Blue 29   X Toxicological properties of material have not been thoroughly investigated 
Brilliant Cyanine Blue X   Hazardous in case of ingestion. Slightly hazardous in case of skin 
or eye contact or inhalation. 
Keyfast Sirit Blue 6g X   Irritant 
Methylene Blue X   Hazardous to eyes and if ingested. Target organs are the blood 
and central nervous system 
Hp Blue   X Toxicological properties of material have not been thoroughly investigated 
Disperse Blue 3   X Toxicological properties of material have not been thoroughly investigated 
Chicago Blue 6B   X 
Toxicological properties of material have not been thoroughly 
investigated. Mutagenic and reproductive effects seen in animal 
testing 
Urn and Brewer Cleaner Blue X   May cause skin and eye irritation. If ingested may cause gastric irritation reaction 
Lambdaplast Blue B   X Toxicological properties of material have not been thoroughly investigated 
 
Luxol Fast Blue ARN   
 
X  
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Material Human Health Hazard? Comments 
Yes No Unknown 
Toxicological properties of material have not been thoroughly 
investigated 
Lambdaplast Blue NL   X Toxicological properties of material have not been thoroughly investigated 
Solvent Blue 97   X Toxicological properties of material have not been thoroughly investigated 
Bismarch Brown R   X Toxicological properties of material have not been thoroughly investigated 
Aqueous humic acid solution X   Hazardous in case of skin or eye contact, ingestion, inhalation. 
Lambdacid Green 2G X   May cause mild eye and skin irritation 
Lambdacid Green G   X Toxicological properties of material have not been thoroughly investigated 
D & C Green #6 X  X Hazardous in case of skin or eye contact or inhalation. Slightly hazardous in case of ingestion. Carcinogenic effects not known 
Orange II X   Hazardous in case of skin or eye contact, ingestion, inhalation. Carcinogenic effects not available] 
Vilmacor Brown 2G  X X No known health or environmental problems. Degrades when in the presence of oxidant 
Chrysoidine Y X   Causes burns. Irritating to eyes and skin 
Benzenamine   X Toxicological properties of material have not been thoroughly investigated 
2-Naphthol X   Animal studies performed and side effects ranged from changes in salivary glands to tumors to death 
Lambdaplast orange LFP   X Toxicological properties of material have not been thoroughly investigated 
Phenol Red X   Hazardous in case of skin or eye contact or inhalation 
Lambdacid Floxine 2GN   X Toxicological properties of material have not been thoroughly investigated 
Ponceau G, R, 2R X   Very Hazardous in case of ingestion. Hazardous in case of skin 
or eye contact or inhalation. 
D & C Red #33 X   
Hazardous in case of eye contact or inhalation. Slightly 
hazardous in case of skin contact or ingestion. Carcinogenic 
effects not known 
Biebrich Scarlet   X Toxicological properties of material have not been thoroughly investigated 
Crocein Scarlet 3B X   Hazardous in case of skin or eye contact, ingestion, inhalation 
SL 570 Red Dye X   Irritation of respiratory track 
Maxilon Red GRL GR 200% X  X Possible eye and skin irritant. Toxicological properties of 
material have not been thoroughly investigated 
Direct Red 81   X Toxicological properties of material have not been thoroughly investigated 
Lambdaplast Red 2H   X Toxicological properties of material have not been thoroughly investigated 
1-(Methylamino) anthraquinone X   Irritation to eyes, respiratory system and skin 
Alizarin Red S X   Harmful if swallowed or inhaled. Irritation to skin, eyes and 
respiratory tract 
Brazilwood   X Toxicological properties of material have not been thoroughly investigated 
Lambdaplast Red 5B Powder X   May cause mild eye and skin irritation 
Basic Fuchsin Hydrochloride   X Toxicological properties of material have not been thoroughly investigated 
Strato Tone 1930 Scarlet X   LD 50>2000 mg/kg 
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Material Human Health Hazard? Comments 
Yes No Unknown 
 
lambdaplast Red 2L Powder   
 
X 
 
Toxicological properties of material have not been thoroughly 
investigated 
Lambdaplast Magenta RL   X Toxicological properties of material have not been thoroughly investigated 
Lambdaplast Magenta B   X Toxicological properties of material have not been thoroughly investigated 
Acid Violet 49 X   Tutorage, Mutagen, Carcinogen 
New Fuchsin X   Causes respiratory tract, skin and eye irritation 
navarus Direct Violet BK H/C X   Inhalation of high vapor concentration may irritate eyes, nose 
and respiratory tract 
D & C Violet #2 X   Hazardous in case of skin or eye contact, inhalation, or ingestion. Carcinogenic effects not known 
Acid Yellow 17   X Toxicological properties of material have not been thoroughly investigated 
Tartrazine   X Toxicological properties of material have not been thoroughly investigated 
Fluorescein X   
Hazardous in case of skin or eye contact, inhalation, or ingestion. 
Carcinogenic effects not known. Mutagenic for bacteria and/or 
yeast *Commonly regulatory acceptable 
Fluorescein Sodium (Uranine) X X  Causes eye irritation.  Well studied.  Generally considered safe 
and is acceptable by most regulators. 
Chrysophenine X   Decomposes to irritating and toxic fumes and gases 
Disperse yellow 3 X   Irritating to eyes, respiratory system and skin. Possible 
carcinogen 
Morin Hydrate 95% X   May cause eye, skin, respiratory or intestinal irritation 
Fast Garmet gbc base 97% X   May cause skin reaction, eye, respiratory, digestive track, and 
skin irritation. Possible carcinogen 
D & C Yellow #11 X   Hazardous in case of eye or skin contact. Slightly hazardous in 
case of inhalation or ingestion. Carcinogenic effects not known 
Tannic Acid X   May cause eye, skin, or respiratory irritation. Target kidneys, liver and skin 
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Supplemental XI.B  
 
Diagnostic Tools for Testing Oxidant Presence/Absence and Concentrations 
 
Pros Cons 
Units 
needed 
for test 
Time 
required 
for test 
Cost 
per 
test ($) 
Indigo Instruments 
Test Strip 0-100 
mg/L  
 
http://www.indigo.c
om/test-
strips/peroxide-test-
strips.html 
 
Recommend for 
presence/absence of 
hydrogen peroxide 
and quantitative 
estimates after 
dilution. 
 No 
uncontrolled 
reaction when 
conc. is too high. 
 Per 
manufacturer, only 
reacts with 
hydrogen 
peroxide.  
However, ASU 
tests indicate it can 
react and affect 
results with ozone 
at the 12 mg/L 
concentration.  No 
other ozone 
concentrations 
were tested. 
 Small 
sample volume 
needed. 
Small disposal 
material and no cross 
contamination 
problems when clean 
sampling equipment 
is used. 
 Quantitative 
measurement is 
limited (+/- 20 
mg/L). 
 Concentration
s above 100 mg/L 
are measured as 50 - 
100 mg/L. 
 Limited range 
of reading; dilution 
required 
 React when 
exposed to the sun 
or after wet; reading 
should be taken 
within 30 sec of 
wetting and unused 
strips should be kept 
dry and shielded 
from the sun 
Reactions with other 
oxidants such as ozone 
and persulfate (tested 
at 12 mg/L ozone and 
read positive for 
oxidant). 
1 to 4 
test 
strips 
5-30 sec 
for color 
change 
completi
on. Total 
process 
time of 
3 min if 
dilution 
required 
1.02 
Indigo Instruments 
Test Strip 0-400 
mg/L  
 
http://www.indigo.c
om/test-
strips/peroxide-test-
strips.html 
 
May be used to 
assess dilution 
requirement.  
 Larger range 
of concentrations. 
 No 
uncontrolled 
reaction when 
concentration is 
too high. 
 Small 
disposal material 
and no cross 
contamination 
problems when 
clean sampling 
equipment is used. 
Small sample volume 
needed. 
 Quantitative 
limited (+/- 50 
mg/L). 
 Color 
difference between 
conc. is small so 
difference between 
100 and 200 mg/L is 
difficult to read. 
 Reactions 
with other oxidants 
such as ozone and 
persulfate (tested at 
12 mg/L ozone and 
read negative for 
oxidant). 
No advantage over 0-
100 mg/L test strips. 
1 to 2 
test 
strips 
5-30 sec 
for color 
change 
completi
on 
0.44 
Indigo Instruments 
Test Strip 1%-10%  
 Covers the 
range that is most 
 Reactions 
with oxidants such 
1 test 
strip 
3 sec for 
10%, 40 0.35 
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http://www.indigo.c
om/test-
strips/peroxide-test-
strips.html 
 
May be used for 
approximating 
concentration (ie. 
mg/L or % range) to 
estimate dilution 
requirements. 
important in the 
field. 
 Small 
disposal material 
and no cross 
contamination 
problems. 
 Small 
sample volume 
needed. 
 No 
uncontrolled 
reaction when 
concentration is 
too high. 
No dilution required. 
as ozone and 
persulfate (tested at 
12 mg/L ozone and 
read negative for 
oxidant). 
 Depends on 
the interpretation of 
the user as to when 
the reaction has 
started and ended. 
 Quantitative 
measurement is 
limited (+/- 3%). 
 Not always 
accurate. 
No advantage over 0-
100 mg/L test strips. 
sec for 
3%, and 
about 2 
min for 
1% 
(Longer 
if 
concentr
ationis 
lower) 
Hach H2O2 Test Kit 
0.2-10 mg/L  
 
http://www.hach.co
m/product.detail-
overview.jsa?id=76
40218476 
 
Recommend for 
quantitative 
measurements only 
after dilution 
requirements have 
been evaluated 
using test strips. 
 Higher 
qualitative 
capacity. 
Test most often used 
for quantifying 
peroxide 
concentrations. 
 Reuse 
materials so 
possibility of cross 
contamination 
 An 
exothermic reaction 
producing heat and 
gas if conc. above 
detection range. 
 Liquid waste 
disposal. 
Test strip 
measurements 
required before use to 
assess level of dilution 
required. 
1 sulfite 
reagent 
10-15 
min 0.64 
 2.45 
 
 
 
Hach Ozone 
AccuVac Color disc 
Test Kit 0-1.5 mg/L 
  
http://www.hach.co
m/quick.search-
product.search.jsa?k
eywords=color%20d
isc%20kit&pr.pageS
ize=40 
 
Recommended for 
presence/ absence of 
ozone in water. 
 Only reacts 
with Ozone. 
 Reaction is 
controlled. If 
concentration is 
higher than 
allowable range, it 
reads at max conc. 
 Visible color 
difference in 
sample and easy to 
use color 
comparison. 
 
 Creates a 
waste vial that has 
to be disposed of. 
 Limited 
quantification 
capacity (would not 
recommend dilution 
since ozone is so 
unstable). 
 Color 
readings harder with 
turbid water. 
Unable to test field 
applicability due to 
lack of dissolved 
ozone. 
1 vial 30 sec 3.22 
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SenSafe Dissolved 
Ozone Test Strips 0-
0.5 mg/L  
 
http://www.sensafe.
com/PDF/WQ_Liter
ature.pdf 
 
Not recommended 
due to reaction with 
pure water. 
 Easy color 
change detection. 
 No 
uncontrolled 
reaction when 
concentration is 
too high. 
 Small 
disposal material 
and no cross 
contamination 
problems. 
Small sample volume 
needed. 
 Shown to 
react with bottled 
water 
 Limited conc. 
range. 
 Limited 
quantification 
capacity (would not 
recommend dilution 
since ozone is so 
unstable). 
Reacts with Hydrogen 
Peroxide even at low 
conc. 
1 test 
strip 30 sec 0.40 
MN Ozone Test 
Strips 90-210 
ug/m^3 (air)  
 
http://www.abwasse
rmarkt.de/MN-test-
paper-
halfquantitative-
ozone-content 
 
Recommended for 
detection of ozone 
escaping without 
reaction. 
 Successfully 
detects ozone in 
air. 
 Unable to test 
accuracy of product. 
1 test 
strip 10 min 1.72 
ORP Meter  
 
Not recommended 
as a means of 
assessing oxidant 
concentration 
remaining in a 
system 
 Could allow 
for a general 
reading of the 
potential for 
additional 
contaminant 
degradation in 
water samples. 
 Requires 
sample to be agitated 
which could change 
conc. 
 Reads high 
for even low ozone 
conc. (8.4 mg/L 
=900+ mV, 12 mg/L 
=900+ mV, 10% 
H2O2 =350 mV. 
 Potential for 
cross cont. 
 Sensors range 
is limited. 
 Dependent on 
the background 
water reading. 
 1 
5-10 min 
per 
sample 
Meter 
cost- 
$350 
Fisherbrand 
Potassium Iodide-
Starch Test Strips 
http://www.amazon.
com/Fisherbrand%C
2%AE-Potassium-
Iodide-Starch-Test-
paper/dp/B001DBH
4CW 
 Fast and 
easy detection of 
oxidant in solution. 
 Least 
expensive 
 Does not 
detect unless H2O2 
is above ~500mg/L. 
 At low conc. 
(below 1000 mg/L) 
it is hard to see color 
change. 
1 Test 
strip 2 min 0.04 
  312 
Recommended for 
detection oxidant in 
solution quickly and 
inexpensively but at 
higher 
concentrations. 
 Does not 
detect ozone at 
conc. of 12 mg/L. 
 Is not oxidant 
specific. 
 No advantage 
over 0-100 mg/L 
test strips. 
 
 
Supplemental XI.C  
 
September 28-30, 2010 ISCO Injection Event 
September 2010 Injection 
 
A H2O2 and ozone treatment occurred from September 28 through 30, 2010 at a 
former Shell service station in Brooklyn, NY.  The treatment goal at this site was reduce 
residual petroleum hydrocarbon concentrations in soils. Details of this injection event can 
be found in Table 1-C. The goal of the activities conducted during this event was to 
determine the utility of different diagnostic tools for detecting the distribution of H2O2 
and ozone about an injection point with the hope of developing a procedure that provides 
the data needed to answer the following questions: 
 How effective is oxidant injection and what is the radius of injection influence for 
a single injection point? 
 Does mixing between the oxidant and target chemicals occur during an injection?  
 Does injection of liquid oxidant result in displacement of the dissolved-phase 
plume? 
 Is contaminant concentration reduction a result of initial oxidation, aerobic 
biodegradation stimulated by increases in dissolved oxygen, or dilution from 
oxidant injection? 
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The following were performed during this injection event: 
 Installed a monitoring network of 27 wells focused around IP 2 and IP 5 as shown 
in Figure 1-C: 
- Fourteen of the monitoring wells were installed around IP 2 with 13 of them 
screened from 5 - 12 ft below ground surface (bgs). Five wells were screened 
either between 14 -16 ft bgs (wells 13B, 20A, 21B) or 5 - 10 ft bgs (wells 
20A, 21A) to look for density-driven downward distribution of the injected 
H2O2 solution. Note that the H2O2 injection wells were screened from 8-10 ft 
bgs and the ozone wells were screened from 10-13 ft bgs.  
- Eleven monitoring wells were installed around IP 5, with all screened 5 - 12 ft 
bgs. 
- A total of 22 wells were placed at distances of about 2, 8, and 16 ft away from 
the injection wells based on the estimation that the H2O2 solution would travel 
about 7 ft away from each injection point, based on estimates of the volumes 
to be injected and assuming radial flow away from the injection point using 
the equationw@ =  ak∗d∗E.  The actual distance of the injected 
material may be greater than this if the flow path is shorter than the screen 
interval due to differences in conductivity and could differ if the flow path is 
not uniform around the injection well (Note that the temperature contours in 
Figures 3-C and 3-D seem to agree well with this theoretical radius). Five 
additional wells were used as intermediate points along a transect extending 
outward (wells 20A, 20B, 21A, 21B, 22).  
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• Observed the ISCO injection process and monitoring performed by the vendor. 
• Monitored water quality parameters (temperature, dissolved oxygen (DO), 
oxidation-reduction potential (ORP), specific conductance, and pH) before, 
during, and after the injection event using a YSI 556MPS water quality probe.  
Tables 3-C to 7-C and Figures 3-C to 7-C present water quality parameter results. 
• Measured H2O2 concentrations and ozone in groundwater sampled from the 
monitoring points before, during, and after the injection event using Indigo 
Instruments test strips and the Hach ozone test kit.  There were no measureable 
ozone concentrations (0.1 mg/L detection level). Table 2-C and Figure 2-C 
contain the measured H2O2 concentrations.  
• Collected groundwater samples for ion chromatography analysis (before and after 
treatment; Table 8-C) and flame-atomic absorption spectroscopy (before and after 
treatment; Table 9-C), to determine if anions/cations could be used as tracers to 
look for either mixing or displacement of water during treatment. Distilled water 
was used for the H2O2 solution so decreases in anions or cations could indicate 
whether displacement or mixing was occurring. 
• Collected groundwater samples for quantitative polymerase chain reaction (before 
and after treatment; Table 11-D and Figure 9-D), to assess how microbial 
populations change as a result of the treatment process and to look for evidence of 
possible aerobic degradation of the contaminants. 
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Table 1-C.  September 28-30, 2010 Injection Event Details, with Schematic below 
showing Locations. 
 
Day Action 
Sep. 28, 2010 
IP 2 injected 507 gallons of 15% w/w H2O2 at 3 gal/min. Ozone generated at 3 
scfm and assumed 6% ozone and was diluted with air. Air was injected at 5 
scfm 
  
IP 5 injected 502 gallons of 15% w/w H2O2 at 3 gal/min. Ozone generated at 3 
scfm and assumed 6% ozone and was diluted with air. Air was injected at 5 
scfm 
Sep. 29, 2010 
IP3 and IP 4 injected 15% w/w H2O2, ozone, and air and IP2 injected 15% H2O2 
only first part of day 
  IP3 and IP 4 injected 15% w/w H2O2 and IP2 injected ozone second part of day 
Sep. 30, 2010 
IP1, IP3, and IP5 injected 1500 gallons 15% w/w H2O2, ozone, and air during 
first part of day 
  IP1, IP3, and IP5 injected ozone and air during second part of day 
 
 
 
Figure 1-C.   Monitoring well design for injection on September 28-30, 2010 and 
injection volumes. 
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Table 2-C.  Hydrogen Peroxide (H2O2) Concentrations from September 28-30, 2010. 
(ND=no data) 
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H
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(m
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1 2 0 ND 0 0 0 0 0 0 
2 2 0 ND 0 0 0 0 0 0 
3 2 0 ND 3x103 0 0 0 0 0 
4 8 0 ND 0 0 0 0 0 0 
5 8 0 ND 0 0 0 0 0 0 
6 8 0 ND 0 0 0 0 0 0 
7 16 0 ND 0 0 0 0 0 0 
8 16 0 ND 0 0 0 0 0 0 
9 16 0 ND 0 0 ND 0 0 0 
10 8 0 ND 0 0 ND 0 0 0 
11 2 0 102 0 0 ND 0 0 0 
12 2 0 ND 104 3 ND 102 0 0 
13 A 2 0 ND 104 0 ND 10 0 0 
14 10 0 0 0 0 0 0 0 0 
15 16 0 0 0 0 0 0 0 0 
16 10 0 0 0 0 0 0 0 0 
17 10 0 0 0 0 0 0 0 0 
18 16 0 0 0 0 ND 0 0 0 
19 16 0 0 0 0 0 0 0 0 
20 A 5 0 0 0 0 0 0 0 0 
21 A 12 0 0 0 0 0 0 0 0 
22 20 0 0 0 0 0 0 0 0 
23 15 0 0 0 0 0 0 0 0 
24 20 0 ND 0 0 0 0 0 0 
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Figure 2-C:  H2O2 detections; all other wells non-detect.  Area inside circles define 
region where injected fluid expected to flow, based on radial flow and 
volume injected. 
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Table 3-C. Temperature Data from September 28-30, 2010.  (ND=no data) 
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1 24 39 37 36 36 33 71 
2 23 70 47 45 44 39 80 
3 23 73 47 44 45 40 71 
4 23 23 23 24 26 25 26 
5 23 22 28 32 31 28 25 
6 23 24 24 24 24 24 25 
7 22 22 22 22 23 22 22 
8 22 22 22 23 23 22 23 
9 24 24 24 ND 25 35 37 
10 23 24 24 ND 24 27 25 
11 25 51 40 ND 52 42 43 
12 24 59 50 ND 66 47 42 
13 A 24 59 56 ND 47 41 46 
14 24 24 24 25 25 25 25 
15 22 22 22 23 23 22 22 
16 24 24 24 25 25 25 25 
17 24 25 25 25 25 25 25 
18 25 25 25 ND 26 32 28 
19 23 23 23 23 23 23 24 
20 A 25 25 27 31 32 32 32 
21 A 24 24 24 24 24 24 24 
22 22 22 22 22 22 22 23 
23 23 24 23 23 23 23 23 
24 24 24 23 24 24 23 24 
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Figure 3-C.  Temperature data contours (˚C) from September 28-30, 2010, and two 
months later (11/29/10).Note: Squares indicate injection locations
320 
 
Table 4-C.  Dissolved Oxygen Data from September 28-30, 2010.  (ND=no data) 
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Pr
e 
In
jec
tio
n
 
In
jec
t i
n
to
 
IP
2 
an
d 
 
IP
5 
H
2O
2 
&
 
O
3 
Pr
e 
In
jec
tio
n
 
In
jec
t i
n
to
 
IP
3 
an
d 
 
IP
4 
H
2O
2 
&
 
O
3 
IP
2 
H
2O
2 
In
jec
t i
n
to
 
IP
3 
an
d 
 
IP
4 
H
2O
2 
&
 
O
3 
IP
2 
O
3 
Pr
e 
In
jec
tio
n
 
In
jec
t i
n
to
 
IP
3 
an
d 
 
IP
5 
H
2O
2 
&
 
O
3 
IP
1 
O
3 
 
07
:3
0 
A
M
 
04
:0
0 
PM
 
07
:0
0 
A
M
 
12
:0
0P
M
 
02
:0
0P
M
 
07
:0
0
A
M
 
10
:5
0 
A
M
 
Well # 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
 
D
O
 
 
(m
g/
L)
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2 0.45 6.9 8.7 7.1 4.8 4.3 5.8 
3 27 14 23 24 24 25 8.9 
4 4.0 30 35 35 38 22 36. 
5 0.98 4.3 2.8 1.8 1.1 6.6 36 
6 0.21 4.0 0.37 4.2 3.5 0.35 24 
7 17 36 30 25 27 23 38 
8 0.14 1.4 2.6 1.2 0.66 7.4 12 
9 0.27 0.32 0.27 ND 25 2.2 0.98 
10 0.30 11 0.38 ND 13 2.5 33 
11 0.47 22 11 ND 18 12 12 
12 3.0 20 19 ND 13 23 25 
13 A 1.5 8.9 11 ND 18 12 21 
14 0.14 10 3.7 24 10 7.4 14 
15 11 18 17 22 22 18 16 
16 2.4 11 9.3 21 16 11 29 
17 0.39 0.43 3.2 20 1.5 2.7 0.90 
18 0.58 0.30 0.18 ND 24 5.8 8.3 
19 0.23 0.32 0.40 0.43 2.0 0.90 31 
20 A 0.99 31 20 22 19 12 14 
21 A 0.33 3.4 2.2 3.6 6.1 4.2 8.3 
22 0.38 0.51 0.34 4.1 4.3 1.3 ND 
23 0.45 16 13 29 27 17 20 
24 0.32 0.28 0.24 2.9 3.8 1.2 1.9 
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Figure 4-C.  Dissolved oxygen (DO; mg/L) data contours from September 28-30, 2010. 
Note: Squares indicate injection location 
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Table 5-C.  Specific Conductance Data from September 28-30, 2010.  (ND=no data) 
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3 1.0 0.46 0.98 1.0 1.1 1.1 0.46 
4 0.7 0.72 0.82 0.91 0.94 0.70 0.67 
5 1.2 1.0 0.84 0.77 0.78 0.65 0.79 
6 1.1 1.2 1.2 1.2 1.2 1.0 0.92 
7 0.45 0.45 0.48 0.55 0.56 0.19 0.44 
8 1.2 3.7 4.7 3.2 3.2 2.3 3.1 
9 1.4 1.4 1.4 ND 0.99 0.82 0.65 
10 1.3 1.2 1.3 ND 1.1 0.84 0.81 
11 1.6 1.2 1.4 ND 1.4 1.3 1.3 
12 0.86 0.52 0.81 ND 0.65 0.74 0.75 
13 A 1.4 0.65 1.4 ND 1.8 1.5 1.3 
14 1.5 1.8 1.9 1.9 1.8 0.51 1.5 
15 0.37 0.35 0.37 0.34 0.36 0.30 0.27 
16 0.73 0.69 0.70 0.78 0.88 0.68 0.63 
17 1.6 1.5 1.4 1.5 1.5 0.30 0.62 
18 1.6 1.6 1.5 ND 1.4 0.92 1.1 
19 1.4 1.4 1.4 1.3 1.5 1.2 1.4 
20 A 1.6 1.4 1.6 1.8 1.6 1.4 1.5 
21 A 1.4 1.6 1.4 1.5 1.5 1.1 1.3 
22 1.2 1.4 1.1 1.2 1.2 0.93 1.1 
23 1.1 0.93 0.99 0.85 0.88 0.16 0.54 
24 1.8 1.7 1.7 1.8 1.9 1.7 1.5 
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Figure 5-C.  Specific conductance data (S/cm) contours from September 28-30, 2010. 
Note: Squares indicate injection location 
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Table 6-C.  Oxidation Reduction Potential (ORP) Data from September 28-30, 2010.  
(ND=no data) 
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2 -110 78 26 83 2.0 150 35 
3 -54 210 96 89 66 100 37 
4 -130 -21 28 17 5.0 57 12 
5 -85 90 -5.0 140 86 83 77 
6 -180 -46 -78 24 0.8 60 43 
7 -52 65 98 160 98 37 52 
8 -95 -100 -25 0 -7.0 -9.0 -21 
9 -100 -90 -120 ND 99 -51 88 
10 -100 -23 -68 ND 87 23 77 
11 -79 160 180 ND 170 72 130 
12 22 350 310 ND 340 150 120 
13 A -47 0 260 ND 180 83 110 
14 0 -61 26 75 130 60 95 
15 -85 -17 -48 30 8.3 64 86 
16 -37 140 61 86 24 63 110 
17 -110 -45 -2.0 60 -28 -24 6.8 
18 -120 -71 -93 ND 110 -14 19 
19 -75 -110 -88 86 94 60 110 
20 A -130 -64 57 1.2 50 27 39 
21 A -84 -93 -2.0 56 95 79 85 
22 65 21 -83 110 100 45 110 
23 -53 140 37 120 74 63 95 
24 -100 -86 -200 -47 -27 -83 50 
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Figure 6-C:  Oxidation reduction potential (ORP; mV) data contours from September 
28-30, 2010. Note: Squares indicate injection location 
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Table 7-C.  pH Data from September 28-30, 2010.  (ND=no data) 
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1 6.9 7.3 7.0 7.0 7.0 7.2 8.6 
2 7.0 8.6 8.7 7.6 7.4 7.6 8.5 
3 7.9 8.3 7.6 7.8 7.5 7.7 8.9 
4 10 8.8 8.3 8.3 8.0 7.6 8.7 
5 7.2 7.0 7.0 6.7 7.3 7.5 7.3 
6 7.4 7.2 6.7 6.5 6.7 7.1 7.5 
7 7.3 7.7 6.7 6.1 6.8 7.0 7.3 
8 9.1 9.5 9.0 8.3 8.4 8.6 8.7 
9 6.7 6.3 6.5 ND 6.4 7.6 7.4 
10 6.6 6.2 6.3 ND 6.1 7.2 7.4 
11 6.4 5.7 5.8 ND 6.4 6.5 6.5 
12 6.2 5.2 5.9 ND 5.9 6.9 6.8 
13 A 6.9 8.2 7.4 ND 7.1 7.6 7.3 
14 7.7 7.6 7.1 6.6 6.8 7.7 7.5 
15 7.0 6.1 6.6 6.3 6.4 6.6 7.0 
16 6.8 6.1 6.5 6.2 6.4 6.6 6.9 
17 6.7 6.2 6.5 6.3 6.3 7.0 6.9 
18 6.7 6.3 6.5 ND 6.2 7.3 6.8 
19 6.9 7.3 6.7 6.4 6.4 7.0 7.0 
20 A 10 9.6 8.4 9.0 9.0 9.3 9.3 
21 A 8.9 9.0 7.8 7.4 7.5 7.7 7.9 
22 6.8 7.4 6.8 6.3 6.2 6.9 6.9 
23 6.8 6.0 6.6 6.2 6.3 6.8 7.0 
24 6.8 6.4 6.8 6.4 6.7 7.2 6.6 
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 Figure 7-C: pH data contours from September 28-30, 2010.Note: Squares indicate 
injection location 
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Table 8-C.   Groundwater Dissolved Salt Concentrations. 
 
 09/28/10 09/30/10 
Well 
Locations 
Cl 
(mg/L) 
Br 
(mg/L) 
NO3 
(mg/L) 
Cl 
(mg/L) 
Br 
(mg/L) 
NO3 
(mg/L) 
18 26 1.2 0 33 0 9.8 
22 15 0.10 0 5.9 0 0 
14 45 0.16 0 41 0.22 0.38 
9 39 2.8 0 17 1.9 0 
16 19 0.06 15 15 0.03 4.0 
17 39 0.27 16 0 0 0 
4 36 0.11 0.10 7.7 0 3.6 
7 18 0.06 1.2 20 0.07 4.7 
8 120 0.49 0 180 0.80 2.0 
 
 
 
 
Table 9-C. Groundwater Dissolved Metal Concentrations. 
 
 09/28/10 09/30/10 
Well # 
Ca 
mg/L 
Mg 
mg/L K mg/L 
Ca 
mg/L 
Mg 
mg/L K mg/L 
9 130 15 21 110 16 26 
16 29 7.0 7.0 61 4.0 14 
18 210 21 39 16 12 45 
8 72 7.0 31 93 0 92 
22 200 9.0 65 63 4.0 28 
14 110 3.0 140 150 1.0 140 
7 54 2.0 12 77 2.0 13 
4 45 1.0 21 93 3.0 13 
17 66 10 15 15 1.0 3.7 
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Supplemental XI.D 
 
November 30-December 2, 2010 ISCO Injection Event  
November/December 2010 Injection 
A second H2O2 injection occurred from November 30 through December 2, 2010 at 
the former Shell service station site. Details of this injection event are provided in Table 
1-D. The goal for attending this event was to build on the experience from the September 
trip and refine the use of the diagnostic tools. To do this, the following work was 
performed:  
 Added 12 additional monitoring wells for refinement of the monitoring 
network (wells 25, 26, 27, 28, 35, 36) and to provide additional insight into 
density differences between the groundwater and the injected solution (wells 
29-34). See Figure 1-D for the augmented monitoring network.  
 
 Monitored water quality parameters (temperature, dissolved oxygen (DO), 
oxidation-reduction potential (ORP), specific conductance, and pH) before, 
during, and after the injection event using an YSI 556MPS water quality 
probe. Tables 3-D to 7-D and Figures 3-D to 7-D provide results for water 
quality parameters. 
 
 Measured H2O2 and ozone concentrations before, during, and after the 
injection event using the different Indigo Instruments test strips and Hach 
ozone test kit using both pumps and bailers to study possible effects due to 
H2O2 carryover between samples. Periodically ozone samples were taken but 
  330 
all came back negative. The H2O2 samples were analyzed the same way as the 
September event and Table 2-D and Figure 2-D contain the H2O2 
concentration results. 
 Collected groundwater samples for BTEX analysis (before and after treatment 
Tables 8-D and 9-D and Figure8-D) and quantitative polymerase chain 
reaction (before treatment Appendix E Table 1-E (a-k) and Figure 1-E (a-k)).  
 Sampled and extracted 1.5-ft long soil cores for soil sampling from middle of 
depth intervals 7 - 12 ft bgs for hydrocarbon concentrations. See Table 10-D.  
 Collected samples for compound specific isotope analysis to determine if this 
method can successfully use the different stable isotopes of carbon and 
hydrogen to differentiate between oxidation, dilution, and aerobic 
biodegradation during a H2O2treatment event. See Appendix E Table 2-E and 
Figure 2-E.   
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Table 1-D.   November 30 - December 2, 2010 Injection Event Summary. 
Day Action 
Nov. 30, 2010 IP2 injected for first part of day with 15% w/w H2O2, air, and ozone. 
  
IP2 and IP3 injected with 15% w/w H2O2, air, and ozone for the second part of the 
day 
Dec. 1, 2010 
Prior to hydrogen peroxide injection, ozone was injected into IP5 for an hour to 
allow us to test for ozone in the water without the peroxide reacting with it. 
 IP5 injected for first part of day with 15% w/w H2O2, air, and ozone. 
  
IP4 and IP5 injected with 15% w/w H2O2, air, and ozone for the second part of the 
day 
Dec. 2, 2010 
IP1, IP2, and IP4 injected with 15% w/w H2O2, air, and ozone for first part of the 
day and then continued with ozone and air the second part 
  IP1, IP2, and IP4 injected with ozone and air the second part 
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Figure 1-D. Monitoring well design for injection on November 30 - December 2, 2010 
and injection volumes 
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Table 2-D.  H2O2 Concentrations from 11/30 through 12/3, 2010 (ND=no data). 
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1 2 0 ND ND ND 0 0 ND 0 ND ND 
2 2 0 ND ND ND 104 100 ND 0 ND ND 
3 2 0 ND ND ND 105 104 ND 0 ND ND 
4 8 0 ND ND ND 10 0 ND 0 ND ND 
5 8  ND ND ND 0 0 ND 0 ND ND 
6 8 0 ND ND ND 0 0 ND 0 ND ND 
7 16 0 ND ND ND 0 0 ND 0 ND ND 
8 16 0 ND ND ND 0 0 ND 0 ND ND 
9 16 0 0 0 0 0 0 0 0 ND ND 
10 8 0 ND ND ND 0 0 ND 0 ND ND 
11 2 0 5 x102 0 0 ND ND 0 ND 0 0 
12 2 0 105 0 50 ND ND 0 ND 50 0 
13 A 2 0 105 5 x104 10 ND ND 0 ND 50 0 
13 B 2 0 0 0 0 ND ND 0 ND 0 0 
14 10 0 0 0 0 ND ND 0 ND 0 0 
15 16 0 0 0 0 ND ND 0 ND 0 0 
16 10 0 0 0 0 ND ND 0 ND 0 0 
17 10 0 0 0 0 ND ND 0 ND 0 0 
18 16 0 0 0 0 0 0 0 ND 0 0 
19 16 0 0 0 0 ND ND 0 ND 0 0 
20 A 5 0 0 0 0 ND ND 0 ND 0 0 
20 B 5 0 0 0 0 ND ND 0 ND 0 0 
21 A 12 0 0 0 0 ND ND 0 ND 0 0 
21 B 12 0 0 0 0 ND ND 0 ND 0 0 
22 20 0 0 0 0 ND ND 0 ND 0 0 
23 15 0 0 0 0 ND ND 0  0 0 
24 20 0 0 0 0 0 0 0 0 ND ND 
25 13 0 0 0 0 0 0 0 0 ND ND 
26 10 0 ND ND ND 0 0  0 ND ND 
27 10 0 ND ND ND 0 0  0 ND ND 
28 6 0 0 0 0 ND ND 0 ND 0 0 
29 5 0 0 0 0 ND ND 0 ND 0 0 
30 5 0 0 0 0 ND ND 0 ND 0 0 
31 5 0 0 0 0 ND ND 0 ND 0 0 
32 11 0 0 0 0 ND ND 0 ND 0 0 
33 11 0 0 3 x103 0 ND ND 0 ND 0 0 
34 11 0 0 0 0 ND ND 0 ND 0 0 
35 9 0 0 0 0 ND ND 0 ND 0 0 
36 10 0 0 0 0 ND ND 0 ND 0 0 
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Figure 2-D.  H2O2 detections; all other wells non-detect. Area inside circles define 
region where injected fluid expected to flow, based on radial flow and 
volume injected. 
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Table 3-D.  Temperature Data from November 30 - December 3, 2010 (ND=no data). 
 11/29/10 11/30/10 12/1/10 12/2/10 12/3/10 
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1 20 20 ND 56 ND 38 ND ND 
2 20 20 ND 69 ND 50 ND ND 
3 20 20 ND 56 ND 50 ND ND 
4 20 20 ND 20 ND 21 ND ND 
5 ND 19 ND 20 ND 26 ND ND 
6 20 20 ND 19 ND 19 ND ND 
7 18 18 ND 18 ND 18 ND ND 
8 18 19 ND 18 ND 18 ND ND 
9 20 20 20 20 21 21 ND ND 
10 21 20 ND 20 ND 21 ND ND 
11 20 42 40 ND 35 ND 47 43 
12 20 ND 52 ND 45 ND 63 48 
13 A 21 ND 51 ND 43 ND 64 48 
13 B 18 28 25 ND 23 ND 26 24 
14 21 20 21 ND 21 ND 21 22 
15 18 18 18 ND 18 ND 18 18 
16 19 20 20 ND 23 ND 24 27 
17 20 20 21 ND 23 ND 24 26 
18 21 21 28 28 28 ND 30 34 
19 19 19 20 ND 19 ND 19 19 
20 A 17 23 32 ND 32 ND 32 35 
20 B 17 21 21 ND 21 ND 22 22 
21 A 19 20 20 ND 19 ND 20 19 
21 B 19 20 20 ND 19 ND 20 19 
22 18 18 18 ND 18 ND 18 18 
23 19 19 19 ND 19 ND 19 19 
24 19 20 19 20 19 19 ND ND 
25 20 20 20 20 19 19 ND ND 
26 19 19 ND 19 ND 18 ND ND 
27 20 20 ND 20 ND 19 ND ND 
28 19 20 29 ND 30 ND 29 33 
29 20 21 22 ND 21 ND 22 22 
30 20 21 31 ND 31 ND 29 33 
31 21 21 22 ND 23 ND 23 23 
32 20 20 21 ND 26 ND 22 22 
33 21 22 29 ND 29 ND 36 40 
34 21 21 21 ND 22 ND 22 23 
35 21 20 21 ND 21 ND 21 21 
36 20 20 20 ND 21 ND 24 26 
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Figure 3-D.  Temperature data contours (˚C) from November 30 - December 3, 2010. 
Note: Squares indicate injection location 
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Table 4-D.  Dissolved Oxygen Data from November 30-December 3, 2010 (ND=no 
data). 
 11/29/10 11/30/10 12/1/10 12/2/10 12/3/10 
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1 0.45 0.52 ND 18 ND 267 ND ND 
2 0.49 0.8 ND 12 ND 22 ND ND 
3 23 26 ND 25 ND 21 ND ND 
4 18 17 ND 41 ND 39 ND ND 
5 ND 1.4 ND 38 ND 5.4 ND ND 
6 0.6 0.42 ND 20 ND 2.3 ND ND 
7 19 22 ND 37 ND 40 ND ND 
8 0.49 0.50 ND 16 ND 3.8 ND ND 
9 2.0 1.7 0.51 16 6.6 14 ND ND 
10 0.35 0.45 ND 20 ND 6.6 ND ND 
11 2.6 22 14 ND 9.9 ND 12 9.3 
12 29 ND 21 ND 22 ND 16 23 
13 A 15 ND 23 ND 23 ND 12 22 
13 B 8.5 7.6 11 ND 9.6 ND 7.9 10 
14 0.3 21 13 ND 2.7 ND 25 5.1 
15 19 21 31 ND 30 ND 25 37 
16 6.5 40 29 ND 13 ND 30 20 
17 0.49 19 12 ND 9.1 ND 10 0.33 
18 1.9 2.2 16 12 5.0 ND 17 7.1 
19 0.36 17 0.5 ND 0.59 ND 15 2.0 
20 A 0.5 40 20 ND 14 ND 25 15 
20 B 1.1 0.5 1.5 ND 2.0 ND 0.50 1.4 
21 A 0.47 7.2 7.2 ND 5.4 ND 8.7 5.4 
21 B 3.4 1.7 2.5 ND 3.6 ND 3.5 4.8 
22 0.43 17 2.8 ND 1.1 ND 4.0 1.3 
23 0.49 19 15 ND 13 ND 27 22 
24 0.61 1.2 0.6 1 0.5 0.5 ND ND 
25 1.1 0.35 0.65 28 18 18 ND ND 
26 0.41 0.9 ND 16 ND 3.4 ND ND 
27 0.43 0.59 ND 27 ND 7.4 ND ND 
28 21 43 34 ND 28 ND 35 33 
29 26 48 43 ND 301 ND 44 30 
30 0.52 42 9.3 ND 0.50 ND 15 0.36 
31 1.8 0.8 0.36 ND 0.50 ND 0.55 0.60 
32 4.1 8.3 0.5 ND 0.30 ND 1.4 1.7 
33 0.45 40 31 ND 19 ND 25 13 
34 13 0.61 0.5 ND 0.47 ND 0.50 0.36 
35 0.45 15 4.4 ND 2.7 ND 11 8.6 
36 0.45 12 8.9 ND 7.6 ND 10 0.67 
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 Figure 4-D.  Dissolved oxygen (DO; mg/L) data contours from November 30-
December 3, 2010. Note: Squares indicate injection location 
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Table 5-D.  Specific Conductance Data from November 30 - December 3, 2010 
(ND=no data). 
 11/29/10 11/30/10 12/1/10 12/2/10 
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1 0.96 0.83 ND 1.1 ND 0.95 ND ND 
2 1.0 0.90 ND 0.57 ND 1.5 ND ND 
3 1.0 0.87 ND 0.43 ND 1.8 ND ND 
4 0.54 0.50 ND 0.63 ND 0.77 ND ND 
5 ND 0.89 ND 0.91 ND 1.1 ND ND 
6 1.0 0.89 ND 0.88 ND 0.90 ND ND 
7 0.69 0.60 ND 0.68 ND 0.71 ND ND 
8 2.3 0.66 ND 3.4 ND 2.1 ND ND 
9 1.3 1.0 1.1 1.0 1.0 0.96 ND ND 
10 0.97 0.79 ND 0.93 ND 0.91 ND ND 
11 1.0 1.5 1.3 ND 1.3 ND 1.6 1.6 
12 0.69 ND 1.5 ND 1.9 ND 1.3 2.8 
13 A 0.63 ND 1.5 ND 1.8 ND 1.7 3.7 
13 B 1.1 0.83 0.99 ND 1.0 ND 0.98 1.2 
14 1.5 1.4 1.6 ND 1.6 ND 1.6 2.0 
15 0.32 0.29 0.32 ND 0.32 ND 0.30 0.36 
16 0.56 0.39 0.57 ND 0.54 ND 0.66 0.93 
17 1.1 0.93 1.0 ND 1.1 ND 1.2 1.3 
18 1.3 1.1 1.2 1.1 1.1 ND 1.2 1.4 
19 0.95 0.85 0.91 ND 0.90 ND 1.1 1.3 
20 A 1.7 0.97 1.1 ND 1.4 ND 1.2 1.5 
20 B 1.1 0.93 1.0 ND 1.0 ND 1.0 1.2 
21 A 1.2 1.2 1.2 ND 1.2 ND 1.3 1.4 
21 B 0.79 0.69 0.76 ND 0.77 ND 0.79 0.91 
22 1.4 1.1 1.2 ND 0.80 ND 1.1 1.2 
23 0.91 0.80 0.89 ND 0.93 ND 0.89 1.1 
24 1.5 1.4 1.3 1.2 1.2 1.4 ND ND 
25 1.1 0.93 1.1 1.0 1.0 1.0 ND ND 
26 0.83 0.70 ND 0.80 ND 0.81 ND ND 
27 0.84 0.73 ND 0.92 ND 0.67 ND ND 
28 0.69 0.96 0.94 ND 0.81 ND 1.1 0.93 
29 1.1 1.0 1.3 ND 1.5 ND 1.2 1.7 
30 1.3 1.2 1.0 ND 1.1 ND 1.5 1.5 
31 1.0 1.1 1.1 ND 1.1 ND 1.2 1.4 
32 1.2 1.2 1.4 ND 1.3 ND 1.3 1.6 
33 1.3 1.1 1.6 ND 1.3 ND 0.97 1.2 
34 1.1 1.3 1.5 ND 1.4 ND 1.5 1.7 
35 1.1 0.92 1.1 ND 1.0 ND 1.0 1.2 
36 0.96 0.83 0.92 ND 0.91 ND 0.93 1.1 
340 
 
 
 Figure 5-D.  Specific conductance data (S/cm) contours from November 30 - December 
3, 2010. Note: Squares indicate injection location 
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Table 6-D.  Oxidation Reduction Potential (ORP) Data from November 30 - 
December 3, 2010 (ND=no data). 
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1 -95 -82 ND 64 ND 150 ND ND 
2 -69 -73 ND ND ND 170 ND ND 
3 63 120 ND 320 ND 230 ND ND 
4 -29 40 ND 170 ND 30 ND ND 
5 ND 0 ND 130 ND 58 ND ND 
6 -150 -140 ND 67 ND -64 ND ND 
7 76 220 ND 37 ND 120 ND ND 
8 -280 -210 ND -94 ND -140 ND ND 
9 -170 -140 -150 15 -11 26 ND ND 
10 -170 -120 ND 11 ND 51 ND ND 
11 60 330 210 ND 190 ND 130 190 
12 120 ND 510 ND 520 ND 210 190 
13 A 120 ND 470 ND 480 ND 210 140 
13 B 40 270 290 ND 180 ND 240 170 
14 -350 -54 -72 ND -170 ND -88 -120 
15 120 13 150 ND 120 ND 120 160 
16 19 110 150 ND 95 ND 140 110 
17 -150 -12 -16 ND -10 ND 19 -48 
18 -190 -75 13 31 -15 ND 40 23 
19 -220 -88 -130 ND -150 ND -93 -120 
20 A -220 21 -68 ND -110 ND -28 -74 
20 B -85 -25 -42 ND -41 ND -56 -40 
21 A -250 ND -110 ND -130 ND -120 -120 
21 B 7.5 64 110 ND 110 ND 120 ND 
22 -63 27 -9 ND -52 ND 22 51 
23 -73 58 51 ND  ND 54 DN 
24 -170 -40 -130 -86 -110 -89 ND ND 
25 -250 -110 -110 68 24 13 ND ND 
26 -180 80 ND 55 ND -38 ND ND 
27 -200 -130 ND 170 ND -53 ND ND 
28 -14 76 130 ND 110 ND 140 130 
29 17 110 84 ND 100 ND 120 140 
30 -160 66 29 ND -42 ND 47 -44 
31 -79 -96 -90 ND -77 ND -96 -91 
32 -27 230 -3.0 ND 40 ND 53 54 
33 -94 320 74 ND 50 ND 58 59 
34 -37 -46 -110 ND -140 ND -110 -140 
35 -160 -12 -84 ND -87 ND -70 -62 
36 -130 10 3.8 ND 16 ND 27 110 
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 Figure 6-D.  Oxidation reduction potential (ORP; mV) data contours from November 
30 - December 3, 2010. Note: Squares indicate injection location 
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Table 7-D.  pH Data from November 30 - December 3, 2010 (ND=no data). 
 11/29/10 11/30/10 12/1/10 12/2/10 12/3/10 
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1 6.9 7.1 ND 7.0 ND 7.1 ND ND 
2 7.0 7.0 ND 7.0 ND 6.6 ND ND 
3 6.8 6.8 ND 5.4 ND 5.7 ND ND 
4 8.9 9.1 ND 8.2 ND 8.8 ND ND 
5 ND 6.3 ND 6.9 ND 6.9 ND ND 
6 6.9 6.7 ND 7.6 ND 7.0 ND ND 
7 7.5 7.4 ND 7.0 ND 7.2 ND ND 
8 12 10 ND 12 ND 12 ND ND 
9 6.4 6.5 6.5 6.4 6.3 6.4 ND ND 
10 6.5 6.7 ND 6.7 ND 6.5 ND ND 
11 5.5 4.2 4.8 ND 5.0 ND 4.8 4.7 
12 5.8 ND 3.5 ND 3.5 ND 5.9 5.6 
13 A 4.9 ND 3.7 ND 3.7 ND 6.5 6.4 
13 B 6.6 6.3 6.2 ND 6.3 ND 6.2 6.6 
14 9.7 8.5 8.9 ND 9.2 ND 9.1 9.4 
15 6.5 6.8 6.7 ND 6.7 ND 6.9 6.7 
16 6.5 6.8 6.4 ND 6.7 ND 6.7 6.4 
17 6.4 6.8 6.6 ND 6.6 ND 6.8 6.6 
18 6.5 6.4 6.2 6.3 6.3 ND 6.3 6.3 
19 7.1 7.1 7.0 ND 7.0 ND 7.3 7.3 
20 A 11 10 10 ND 10 ND 9.9 10 
20 B 7.9 6.9 6.6 ND 6.7 ND 6.9 6.9 
21 A 8.9 8.7 8.5 ND 8.5 ND 8.6 8.4 
21 B 6.4 6.5 6.6 ND 6.5 ND 6.3 6.3 
22 7.1 7.0 7.0 ND 7.2 ND 7.2 7.1 
23 6.9 6.9 6.8 ND 6.7 ND 7.1 6.7 
24 6.8 6.6 6.6 6.6 6.6 6.7 ND ND 
25 6.6 6.7 6.6 6.5 6.4 6.8 ND ND 
26 7.0 6.6 ND 6.7 ND 6.9 ND ND 
27 7.7 7.6 ND 7.4 ND 7.6 ND ND 
28 6.3 7.3 6.4 ND 6.4 ND 6.8 6.6 
29 6.9 6.5 6.7 ND 6.6 ND 6.9 6.6 
30 6.8 7.1 7.0 ND 7.0 ND 7.1 6.9 
31 6.4 6.3 6.2 ND 6.1 ND 6.2 6.2 
32 6.6 6.6 6.5 ND 6.7 ND 6.6 6.6 
33 6.2 5.9 6.2 ND 6.4 ND 6.7 6.5 
34 6.6 6.4 6.6 ND 6.7 ND 6.6 6.7 
35 6.7 7.0 6.7 ND 6.8 ND 6.8 6.8 
36 6.3 6.4 6.3 ND 6.5 ND 6.6 6.6 
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Figure 7-D.  pH data contours from November 30 - December 3, 2010. Note: Squares 
indicate injection location 
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Table 8-D. BTEX Data from 11/29/10 (ND=no data). 
 
 Pre Injection BTEX Concentrations mg/L 
Well Benzene Toluene Ethyl benzene Xylene 
1 0.005 0.051 0.012 0.008 
2 0.007 0.048 0.018 0.013 
3 0.002 0.015 0.004 0.005 
4 0.002 0.042 0.002 0.003 
6 0.020 0.36 0.54 0.12 
7 0.002 0.001 0.003 0.002 
9 0.056 0.091 0.51 0.068 
10 0.007 0.036 0.026 0.009 
11 0.002 0.002 0.003 0.005 
12 ND 0.003 0.011 0.004 
13 A 0.001 0.045 0.016 0.020 
13 B 0.004 0.005 0.033 0.017 
14 0.13 0.33 0.84 1.7 
15 ND ND ND ND 
16 0.001 0.014 0.004 0.007 
17 0.089 1.5 3.1 6.2 
18 0.000 0.012 0.053 0.059 
19 0.049 0.060 0.33 0.12 
20 A 0.036 0.58 0.76 2.3 
20 B 0.005 0.007 0.01 0.017 
21 A 0.15 0.43 2.3 3.8 
21 B ND 0.002 0.015 0.017 
22 0.001 0.13 0.011 0.007 
23 0.005 0.021 0.008 0.014 
24 0.076 0.14 0.089 0.030 
25 0.015 0.91 1.4 1.4 
26 ND 0.68 1.3 0.79 
27 0.12 0.76 0.19 0.19 
28 0.001 0.003 0.003 0.004 
29 0.52 0.27 0.96 2.3 
30 3.3 1.6 2.7 5.6 
31 0.36 0.22 0.36 0.68 
32 0.035 0.015 0.015 0.045 
33 0.24 0.10 0.13 0.32 
34 ND 0.15 0.24 0.42 
35 0.36 179 3.3 9.9 
36 0.13 3.2 4.4 10. 
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Table 9-D. BTEX Data from 12/3/10 (ND=no data). 
 
 Post Injection BTEX Concentrations mg/L 
Well Benzene Toluene Ethyl benzene Xylene 
1 0.002 0.008 0.056 0.069 
2 0.006 0.006 0.001 0.002 
3 0.003 0.002 0.030 0.016 
4 0.002 0.024 0.005 0.010 
6 0.018 0.66 1.2 1.8 
7 0.001 0.001 0.003 0.004 
9 0.027 0.21 0.23 0.11 
10 0.002 0.049 0.063 0.054 
11 0.003 0.002 0.005 0.005 
12 ND ND 0.009 0.008 
13 A ND ND 0.008 0.011 
13 B 0.003 0.006 0.001 0.004 
14 0.11 0.20 0.57 1.5 
15 ND 0.006 0.014 0.021 
16 0.001 0.001 0.002 0.004 
17 0.80 4.9 3.3 8.4 
18 0.005 0.006 0.024 0.049 
19 0.11 0.54 0.93 0.82 
20 A 0.18 0.38 0.75 2.4 
20 B 0.005 0.017 0.003 0.006 
21 A 0.14 0.66 2.9 4.9 
21 B 0.00 0.002 0.007 0.004 
22 0.003 0.10 0.005 0.007 
23 0.001 0.046 0.032 0.041 
24 0.14 0.28 0.11 0.088 
25 0.011 0.46 0.54 0.54 
26 0.00 0.59 0.78 1.2 
27 0.004 0.27 0.029 0.063 
28 0.002 0.001 0.001 0.002 
29 ND 0.21 0.076 0.28 
30 0.430 0.46 1.9 4.0 
31 ND 0.052 0.059 0.16 
32 0.001 0.006 0.006 0.011 
33 0.010 0.020 0.15 0.30 
34 0.091 0.042 0.054 0.026 
35 0.36 16 4.3 13 
36 0.63 5.3 4.5 12 
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Figure 8-D.  BTEX (ug/L) data contours from November 29 and December 3, 2010. 
Note: Squares indicate injection location 
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Table 10-D. Soil Samples taken December 4, 2010. 
 
Sample Located 
Near  
Approximate depth 
(bgs) 
mg TPH/  
kg soil 
Injection pt 2 9 87 
 9 duplicate sample 140 
 9.5 96 
 10 68 
ASU MW 10 9 170 
 9.5 120 
 9.5 duplicate sample 85 
 10 77 
ASU MW 16 9 150 
 9.5 140 
 9.5 duplicate sample 140 
 10 85 
ASU MW 22 9 900 
 9.5 290 
 10 140 
 10 duplicate sample 110 
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Supplemental XI.E 
Quantitative Polymerase Chain Reaction and Compound Specific Isotope Analysis 
 
Quantitative Polymerase Chain Reaction (qPCR) is an advanced analytical tool 
that amplifies and then quantifies specific DNA in order to quantify the number of 
bacteria in a sample. Before the September event, after the September event, and before 
the November event, samples of water were taken from wells 1, 10, and 18 and sent 
toMicrobial Insights for analyses. The purpose was to determine if the ISCO process 
resulted in either decreased or increased numbers of the petroleum hydrocarbon-
degrading bacteria involved in natural bio-attenuation.  Decreases (death) could possibly 
result from direct oxidation of bacteria by H2O2 and increases (growth) could possibly 
result from increased subsurface oxygen due to H2O2 decomposition.  Unfortunately there 
was never a measurable concentration of H2O2 in the wells sampled, so the effect of 
direct contact with H2O2 could not be assessed.  For the record, however, the results are 
presented below in Tables 1-E and Figures 1-E.The method utilized was Phospholipid 
Fatty Acid (PLFA) Analysis where the PLFA concentration is converted into cell/ml 
values.  
The various PLFA results mostly show similar numbers of cells in samples collected with 
time from each well, at least to within typical certainty of the process. The phenol 
hydroxylase (see Table 1-E a and Figure 1-E a) appear to increase during the September 
injection but then are non-detect by the November injection in two of the three wells (1 
and 18) but all wells show a low cell count. The greatest increase and then decrease 
occurs in well 18 which is in the area with the heaviest contamination though all areas 
sampled did test positive for hydrocarbons. Toluene Dioxygenase did decrease in all 
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wells after the September event and all but well 1 saw an increase in November though 
not to the extent it initially was (see Table 1-E b and Figure 1-E b). Only the decrease in 
well 1 was significant. There were moderate concentrations of Total Biomass but there 
was no significant change in concentrations between sampling (see Table 1-E c and 
Figure 1-E c). All other measurements showed low concentrations and no significant 
(order of magnitude range) changes. 
Table 1-E (a-k): Quantitative Polymerase Chain Reaction Data September 28, 30, and 
November 29 
 
a) Phenol Hydroxylase (cell/ml) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1 1.8E+04 3.1E+04 <0.9 
10 2.9E+03 8.0E+03 1.0E+03 
18 1.0E+01 4.0E+04 <0.9 
 
b) Toluene Dioxygenase (cell/ml) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1 1.9E+09 8.1E+06 1.7E+05 
10 5.8E+08 2.3E+06 3.1E+07 
18 4.0E+07 2.7E+06 1.1E+07 
 
c) Total Biomass (cell/mL) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1 1.4E+06 6.0E+05 2.6E+05 
10 1.1E+06 7.0E+06 4.3E+05 
18 1.4E+06 2.6E+06 6.9E+05 
 
d) Firmicutes (cell/mL) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1.0 13 8.6 21 
10 7.8 2.3 22 
18 12 11 31 
 
e) Proteobacteria (cell/mL) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1 61 62 47 
10 62 70 47 
18 60 59 40 
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f) Anaerobic metal reducers (cell/mL) 
Well # 9/28/2010 9/30/2010 11/29/2010 
1 0.90 0.87 1.9 
10 0.32 0.23 1.7 
18 0.54 0.49 1.5 
 
g) SRB/Actinomycers (cell/mL) 
Well # 9/28/2010 9/28/2010 9/28/2010 
1 0.34 0.34 0.34 
10 0.27 0.27 0.27 
18 0.94 0.94 0.94 
 
h) General (cell/mL) 
Well # 9/28/2010 9/30/2010 9/28/2010 
1 25 27 25 
10 29 27 29 
18 27 29 27 
 
i) Eukaryotes (cell/mL) 
Well # 9/28/2010 9/28/2010 9/28/2010 
1 0.19 0.19 0.19 
10 0.15 0.15 0.15 
18 0.34 0.34 0.34 
 
j) Slow Growth (cell/mL) 
Well # 9/28/2010 9/28/2010 9/28/2010 
1 0.95 0.95 0.95 
10 1.5 1.5 1.5 
18 0.38 0.38 0.38 
 
k) Decreased Permeability (cell/mL) 
Well # 9/28/2010 9/28/2010 9/28/2010 
1 0.19 0.19 0.19 
10 0.12 0.12 0.12 
18 0.17 0.17 0.17 
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Figure 1-E (a-k): Quantitative polymerase chain reaction data September 28, 30, and 
November 29 
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k)  
Compound specific isotope analysis (CSIA) is another advanced technique that is being 
employed to differentiate between mechanisms causing reductions in hydrocarbon 
concentrations. By comparing the changes in isotopic composition before and after a 
treatment event, it is said that one can determine if oxidation, biological degradation, or 
volatilization is occurring. Pre and post November injection samples were collected from 
wells 11, 17, 18, and 22 and analyzed for δ13C and δH by Zimax Forensics Isotope. Table 
2-E and Figure 2-E show the results from these analyses. From these data, there is no 
observed statistically significant change in isotopic composition between the pre- and 
post-injection samples except for well 17. While the δ13C m,p-Xylenes, δH Toluene, δH 
m,p-Xylene, and o-Xylene are statistically different, they are only slightly different and 
their results do not consistently point to a particular mechanism.  
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Table 2-E. CSIA Data November 29 and December 3, 2010. 
δ13C Sample ID Pre November Injection Post November Injection 
MW-11 C Benzene -26.4 -26.5 
  Toluene -27.3 -27.5 
  Ethylbenzene -27.6 -28.2 
  m,p-Xylenes -29.2 -29.1 
  o-Xylene -28.1 -27.9 
MW-17 C Benzene -26.9 -26.9 
  Toluene -27.7 -27.7 
  Ethylbenzene -28.3 -28.4 
  m,p-Xylenes -29.6 -28.9 
  o-Xylene -28.5 -28.4 
MW-18 C Benzene -26.8 -26.8 
  Toluene -27.5 -27.4 
  Ethylbenzene -28.8 -28.7 
  m,p-Xylenes -29.9 -30 
  o-Xylene -28.6 -28.5 
MW-22 C Benzene -26.7 -26.8 
  Toluene -27.1 -27.1 
  Ethylbenzene -28.1 -28 
  m,p-Xylenes -29.5 -29.2 
  o-Xylene -28.2 -28.3 
δH    
MW-11 H Benzene ND ND 
  Toluene ND ND 
  Ethylbenzene ND ND 
  m,p-Xylenes ND ND 
  o-Xylene ND ND 
MW-17 H Benzene -62.5 -60.3 
  Toluene -65.8 -63.4 
  Ethylbenzene -70.5 -71.5 
  m,p-Xylenes -72.7 -75.1 
  o-Xylene -74.2 -71.8 
MW-18 H Benzene ND ND 
  Toluene ND ND 
  Ethylbenzene -78.8 -76.3 
  m,p-Xylenes -79 -80.2 
  o-Xylene -74.1 -75.5 
MW-22 H Benzene ND ND 
  Toluene ND ND 
  Ethylbenzene ND ND 
  m,p-Xylenes ND ND 
  o-Xylene ND ND 
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Figure 2-E. CSIA data November 29 and December 3, 2010. 
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